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Abstract
Among the drivers of the patchy distribution of organisms in space and time are abiotic
factors, including physical disturbance, and biotic interactions such as predation and
competition. Our understanding of the interplay of these factors is far from complete,
especially in frequently disturbed ecosystems.
The first of three main experiments investigated the individual and combined effects
of flood disturbance and fish predation on benthic invertebrates, algae and leaf decay rates in
a reach of the flood-prone Kauru River in Otago, New Zealand. Bed movements during a
mid-sized flood were simulated by removing substratum from 16 scour patches, depositing
2
substratum in 16 fill patches, and leaving 16 stable patches unchanged (patch size 0.49m ).

Fish were excluded from half the patches using electric exclosures. (My first data chapter
describes how this method was adapted for use in the Kauru.) The community on ceramic
tiles was studied for 58 days. Local bed disturbance had many short-term and long-term
effects on invertebrate and algal biomass distributions. Fish presence had far fewer effects but
four of six significant interactions between disturbance and predation indicated a stronger
impact of predation in stable patches.
I included competition among invertebrate grazers as a third factor in my second 43day experiment in the Kauru River. The competition treatment consisted of twice-weekly
removals of Potamopyrgus antipodarum from half the patches. Local bed disturbance affected
the benthic community far more often than fish predation or snail grazing. The frequency of
disturbance effects was highest shortly after the disturbance and decreased with time, whereas
the few effects of biotic factors occurred on the last sampling date.
In my final experiment, I used streamside channels to investigate two topics not
addressed in the reach-scale experiments. First, predatory fish are known to influence stream
invertebrates not only by direct consumption, but also by altering their behaviour. Second,
different fish predators can affect prey communities in different ways. I investigated the
individual and combined effects of flood-related bed disturbance and predation by two
dominant fish species. Bed movements caused by floods were simulated by tumbling the
substratum in half the channels at the start of the experiment. Six channels each were stocked
with trout or upland bullies or had fish excluded. Biological response parameters were
determined 0, 14 and 28 days after the disturbance, and invertebrates in the entire channel
substrata on day 28. Disturbance frequently affected a range of response parameters. Presence
or absence of predatory fish, by contrast, had no significant effects on overall invertebrate
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standing stocks but affected invertebrate densities on surface stones in 40% of cases and
invertebrate activity on surface stones in all cases. Native bullies featured more often than
exotic trout in causing density changes and equally often in causing changes to grazer
behaviour.
My combined experimental findings from a flood-prone river imply that in the
presence of physical disturbance, biotic interactions may play a weaker role in determining
the distribution of stream organisms than under stable conditions.
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Chapter One

Introduction
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ABIOTIC AND BIOTIC DETERMINANTS OF DIVERSITY

The diversity shown by natural ecosystems has always amazed us and its origins have puzzled
many generations of scientists. The heterogeneous distribution of organisms in space and time
is a prominent feature of natural ecosystems and the identification of forces that generate such
patchiness still remains a challenge and a central concern of ecology in general (Pickett and
White 1985) and stream ecology in particular (Pringle et al. 1988, Townsend 1989). The
many factors known to drive this uneven distribution include physicochemical parameters
such as climate (Post et al. 1999, White 2008, Wiig et al. 2008), temperature (Bumaford 2004,
van der Kooij et al. 2008), light (Floder and Bums 2005, Jager et al. 2008), availability of
water (Milton and Dean 2000, Kleidon and Schymanski 2008), availability of key chemical
elements such as nitrogen and phosphorus (Hall et al. 2007, Jager et al. 2008), physical
disturbance (Pickett and White 1985, Sherman et al. 2000, White and Jentsch 2001, Tanaka
and Magalhaes 2002), together with interactions among the biota, most notably competition
(Connell 1983, Sih et al. 1985, Allan and Castillo 2008), predation (Sih et al. 1985, Sih and
Wooster 1994, Wooster and Sih 1995, Post et al. 1999, Peterson and Vucetich 2001) and
parasitism (Poulin 2007, Lafferty et al. 2008, Lerevre et al. 2009). In the following sections, I
will focus on three of the most important of these factors, namely physical disturbance
(abiotic) and predation and competition (biotic). I will also explore how these key factors
interact.
THE ROLE OF DISTURBANCE

In recent decades, disturbance has been recognised as a key driver of spatial and temporal
heterogeneity in the great majority of ecosystems (Connell 1978, Huston 1979, Sousa 1984,
Pickett and White 1985, White and Jentsch 2001, Rocha et al. 2008). Disturbance in this
context can be defined as a temporally distinct event that removes organisms (Townsend and
Hildrew 1994) or otherwise disrupts the community by influencing the availability of space or
food resources, or by changing the physical environment (Pickett and White 1985, Begon et al.
2006). Disturbances can operate at various temporal and spatial scales and should always be
considered from the perspective of the organisms in question. For example, a cow scratching
itself against a tree may represent a disturbance to lichens and mosses inhabiting the bark but
not the tree itself. Conversely, a tree-dwelling insect with a generation time of a few months is
far less likely to experience the disturbance
decades (Townsend and Hildrew 1994).
2
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forest fire than a tree with a lifespan of many

Disturbances are most commonly caused by abiotic events such as wildfires (Minshall
et al. 1997, Robinson et al. 2005, Benwell 2007, Kay et al. 2008, Mellon et al. 2008,
Schaffhauser et al. 2008, Donato et al. 2009), landslides (Restrepo et al. 2003, Walker et al.
1996), hurricanes, typhoons or other exceptionally strong winds (Hirao et al. 2008; James et al.
2008, Lain et al 2008), droughts (Benwell 2007, Bigler et al. 2007, Suarez and Kitzberger
2008) or floods (Spiller and Schoener 1995, 2008, Death 2008). In certain cases, physical
disturbances can be caused by biotic agents, such as pathogen outbreaks (Mouritsen and
Poulin 2002), disruption of savannah habitats by browsing elephants (Botha et al. 2002,
Hemborg and Bond 2007) or, at a smaller spatial scale, the above-mentioned example of the
cow and the tree. The most obvious effects of disturbances are the disruption of the existing
system and the killing or removal of organisms. At the same time, disturbances open up space
for new colonists and make new resources available (Sousa 1984). Moderate disturbances, in
particular, can thus enhance spatial and temporal heterogeneity, with positive consequences
for many organisms (Connell1978, Pickett and White 1985, Dorn 2008).
DISTURBANCE IN RUNNING WATERS

In certain areas of the world, including parts of Australia, New Zealand and the Western USA,
low flows and droughts are a category of disturbance that plays a substantial role in streams
and rivers (Boulton 2003, Lake 2003, Pinna and Basset 2004, Churchel and Batzer 2007,
Dewson et al. 2007a, b, Bond et al. 2008, Griswold et al. 2008). Nevertheless, the
predominant disturbances in the majority of running waters worldwide are spates (high flows
that do not spill into the flood plain) and floods (even higher flows that inundate the flood
plain) (Lake 2000, Death 2008) (For the sake of simplicity, both events are called "floods" in
the remainder of my thesis). Because most rivers and streams are frequently, and sometimes
severely affected by floods (Poff and Ward 1989, Poff 1996), hydrological disturbance is
regarded as one of the dominant factors driving the distribution of organisms in running
waters (Resh et al. 1988, Townsend 1989, Death 2008, Sircom and Walde 2009).
In the last decade, a closer look at flood-related bed movements in running waters has
revealed that smaller and intermediate-sized floods often result in a complex mosaic of small
(:::; 1m2) patches of stream bed that have experienced scour, substratum deposition (fill) or
remained stable (Matthaei et al. 1999, 2003). This "local disturbance history" has been
recognised to have both short-term (:::; 1 week) and long-term (2':: 2 months) effects on the

3

small-scale distributions of benthic invertebrates and algae (Matthaei and Townsend 2000,
Matthaei et al. 2003, Effenberger et al. 2006, 2008).
COMPETITION AND PREDATION

Interspecific competition and predation are the most heavily investigated species interactions
in ecology, dominating studies of factors that determine species diversity (Chesson and Kuang
2008).
Interspecific competition, in which individuals of one species suffer a reduction in
fecundity, growth or survivorship as a result of resource exploitation or interference by
individuals of another (Begon et al. 2006), can have profound effects on community
composition and diversity in both terrestrial (Tansley 1917, Davies et al. 1998, Gotelli and
McCabe 2002, Harmon et al. 2007, Moen and Wiens 2009) and aquatic ecosystems (Gause
1934, Connell 1961, Hutchinson 1961, Tilman et al. 1981, Floder et al. 2002, Gross 2008).
Predation, which I take to include both camivory and herbivory (Begon et al. 2006), has also
long been known to be capable of influencing community composition (Paine 1966,
Lubchenco 1978, Huston 1979, Mwendera et al. 1997, Proulx and Mazumder 1998, Osem et
al. 2002, Bruno and Cardinale 2008). The. conventional wisdom once held that competition
for resources was the primary biotic factor that limits diversity, with predation playing a
secondary role by modifying the outcome of competitive interactions. However, while
interactions can occur between these two forces, each on its own is capable of changing
community composition and augmenting or reducing community diversity (Chesson and
Kuang 2008). For example, a top predator can cause a trophic cascade that enhances primary
producers by suppressing primary consumers. Such cascading effects have been shown, for
instance, to affect fish, zooplankton and phytoplankton in lakes (Carpenter and Kitchell 1988),
gulls, barnacles and algae in an intertidal community (Wootton 1992), wolves, moose and
trees in forest habitat (Peterson and Vucetich 2001) and lizards, spiders, herbivorous insects
and plants on an island in the Bahamas (Spiller and Schoener 1994).
COMPETITION AND PREDATION IN RUNNING WATERS

The prevalence of interspecific competition in running waters, as elsewhere, has been
documented by removal/addition experiments that reveal the deleterious effects of one species
on another. Examples include experiments to uncover mutual effects via interspecific
competition among coexisting fish species (e.g. Taniguchi and Nakano 2000, Rodtka and
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Volpe 2007, Tsuruta and Goto 2007), native and invasive molluscs (Vaughn and Spooner
2006, Riley et al. 2008), snails, mayfly nymphs and caddisfly larvae (Holomuzki and Biggs
2006) and leaf-shredding insects (Boyero and Pearson 2006). The consequences of predation
(Englund and Evander 1999, Diehl et al. 2000, Townsend 2003), including grazing (Power
1992), have also been frequently documented in streams. Finally, running water habitats have
provided some of the most convincing examples of trophic cascades induced by top predators
and demonstrated by indirect effects on algal biomass (Mclntosh and Townsend 1996,
Townsend 2003, Power et al. 2008, Motta and Uieda 2008) and leaf decomposition (Boyero et
al. 2008, Woodward et al. 2008).
HOW DOES DISTURBANCE INFLUENCE BIOTIC INTERACTIONS?

For running waters, Townsend (1989) and Poff and Ward (1989) predicted that while
competition and predation are likely to be important in stable streams, the importance of
biotic interactions should decrease with increasing frequency and severity of disturbance.
These predictions are based on two assumptions that pervade ecological

theor~,

namely (i)

that the strength of biotic interactions should decrease with decreasing population densities,
and (ii) that there are trade-offs between species traits that convey resistance against
disturbance as opposed to competitive ability (Huston 1979, Menge and Sutherland 1987) or
resistance to predation (Power et al. 2008). Similar assumptions are made in several wellknown and widely tested conceptual models in general ecology, such as the habitat templet
model (Southwood 1977, 1988), the harsh-benign-hypothesis (Connell 1975, Menge 1976,
Peckarsky 1983) and the so-called consumer stress models (Hairston et al. 1960, Menge and
Sutherland 1976, 1987).
On the other hand, Chesson and Huntly (1997) cautioned in a theoretical paper that the
underlying assumptions upon which the abovementioned models are based should not be
taken for granted. Based on their computer simulations, Chesson and Huntly (1997) argued
that depending on the actors present (predator and prey, or two or more competitors) and the
impact of disturbance on each actor, disturbance may either relieve organisms from stress
caused by biotic interactions or make them even more vulnerable to this stress (see also the
prey stress models in Menge and Olson 1990, and Thomson et al. 2002). Thus, biotic
interactions could play an important role even in frequently disturbed ecosystems because a
relatively minor stress caused by biotic interactions may be enough to "push over the edge" a
species already weakened by abiotic disturbance.
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Despite the wealth of ecological theory, empirical research to test the various
predictions of the different models in running waters is far from complete. While it is widely
accepted that most streams and rivers are subject to considerable discharge variations and
frequent disturbance by floods (Poff and Ward 1989, Poff 1996), when I started my PhD
research in February 2005 only two stream surveys existed that linked patterns of coexistence
of predator and prey fish to flood disturbance frequency, in Arizona (Meffe 1984) and New
Zealand (Mclntosh 2000). As Townsend (1989) has cautioned, such correlative studies cannot
prove cause-effect relationships and their results should be interpreted with caution. At the
same time, the vast majority of experimental studies investigating biotic interactions in
running waters had been performed in highly stable streams (e.g. McAuliffe 1984, Kohler and
Wiley 1997), during long periods of stable flow in seasonally disturbed streams (e.g.
Hemphill and Cooper 1983), in artificial stream channels with stable flow (e.g. Diehl et al.
2000), in small-scale experiments in streamside channels fed by stable streams (Nystrom and
Mclntosh 2003, Ledger et al. 2006) or in small laboratory channels (Cardinale and Palmer
2002).
By contrast, only two manipulative field experiments had investigated the interaction
between abiotic disturbance and biotic factors in frequently disturbed streams (Pringle and
Hamazaki 1997, Thomson et al. 2002). Neither involved movement of the substrata on the
stream bed as part of the disturbance, despite recognition that such bed movement is a key
criterion for determining whether or not a flood represents a disturbance to the benthic
2
community (Poff 1992, Death 2008) at scales down to bed patches of less than 1m

(Effenberger et al. 2006, 2008) or individual surface stones (Matthaei et al. 2000). Finally, the
effect of local disturbance history (small patches of scoured, deposited or stable substrate)
(Matthaei and Townsend 2000) on competitive or predator-prey interactions in running waters
had not been examined at all.
I concluded that further research was needed to determine how abiotic (disturbance)
and biotic factors (predation and competition) interact under field conditions in frequently
disturbed environments.
THESIS OUTLINE

My thesis describes two pilot studies and three manipulative field experiments investigating
the effects on river organisms of physical bed disturbance, biotic
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and their interactions.

All five studies were conducted in the Kauru River, a flood-prone New Zealand river in the
Otago province of the South Island.
Chapter 2 introduces a flood-resistant ·method for excluding fish predators from
patches of riverbed and describes how the method was modified for the Kauru River prior to
use in the experiments described in Chapters 3 and 4. The method uses electric pulses to
exclude fish from experimental patches without adversely affecting benthic invertebrates. To
confirm that my modification was successful, I conducted two field experiments to quantify
the effects of electric exclusion first on fish presence and second on invertebrate drift.
Chapter 3 describes a reach-scale experiment that investigated the individual and
combined effects of local bed disturbance and fish predation on benthic macroinvertebrates,
algae and leaf decomposition during an eight-week period after disturbance. I simulated
disturbance patterns caused by a medium-sized flood by locally removing or depositing river
substratum and excluded predatory fish from half the experimental plots using electric
exclusion devices.
Chapter 4 reports on a second reach-scale field experiment in which I manipulated
competition among grazers, by twice-weekly manual removal of an abundant snail grazer, in
addition to bed disturbance and fish predation. I investigated the individual and combined
effects of these three factors in a six-week period after disturbance. Bed disturbance, fish
manipulations and biological response parameters were the same as in Chapter 3.
Chapter 5 describes a streamside channel experiment that examined the individual and
combined effects on the benthic community of bed disturbance and predation by two different
fish species in a four-week period after disturbance. In addition to the biological response
parameters in Chapters 3 and 4, invertebrate activity was monitored to gain insights into sublethal and indirect effects of disturbance and fish predation on the benthic community.
In Chapter 6, a concluding discussion, the findings of the three main experiments are
compared and general patterns are identified in the relative importance of disturbance and
biotic factors for the benthic community and how their effects vary with time since the last
disturbance.
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Chapter Two

Adapting the electric fish exclusion method for a gravel-bed river
in New Zealand

9

SUMMARY
The electric exclusion method has become increasingly popular in studies investigating the
effects of large-bodied animals on benthic stream communities. This method uses high
voltage pulses that have a stronger effect on larger organisms than on smaller ones. Therefore,
with the correct field strength it is possible to deter larger animals (e.g. predatory fish) from
experimental plots without negatively affecting smaller organisms (e.g. benthic invertebrates).
However, because the efficiency of the method depends strongly on the physicochemistry of
the investigated river and the specific organisms involved, the method needs to be adapted
and trialled before use in a new study system.
I adapted the electric exclusion method for use in a gravel-bed river in New Zealand.
First, I observed animal behaviour when exposed to electric fields of different strengths in an
experimental enclosure and selected a field strength that appeared to affect fish but not
invertebrates. Then, to confirm these initial observations, two studies were conducted in
replicated experimental plots of 0.5x0.5m within a 60-m reach of the river to investigate the
effect of the electric field on fish densities and invertebrate drift. Twenty-six fish (bullies,
galaxiids and brown trout) were found inside 21 non-electrified control plots. By contrast,
only a single fish was found inside 23 electrified plots, indicating that fish predators were
excluded efficiently from the plots. Invertebrate drift densities directly downstream of
exclusion and control plots were compared before and after switching on the electric field.
Drift densities downstream of exclusion plots did not increase as a result of electricity being
turned on, indicating that the electric exclusion technique had been adapted successfully to
my study river.
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INTRODUCTION

The relationship among species is a central focus of ecology. Biotic interactions such as
competition (e.g. Kohler and Wiley 1997, Hertonsson 2008) and predation (Englund and
Evander 1999, Diehl et al. 2000, Winkelmann et al. 2008) have been recognised to influence
the distribution of organisms in many ecosystems, including rivers and streams. To
understand the effects of biotic interactions, ecologists need to manipulate the densities of
focal species without affecting the densities of others or influencing habitat parameters. To
achieve this, researchers make use of differences among traits of key species including, for
instance, their body size and behaviour. For example, Thomson et al. (2002) covered the
stream bed in front of artificial stream channels with plastic sheet, which prevented
colonisation of the channels by predatory stoneflies that disperse mainly by crawling, while
leaving colonisation by drifting mayflies unaffected.
Cages with carefully chosen mesh sizes have been particularly popular for excluding
large-bodied animals while allowing access to smaller ones (Flecker 1992, Eckman et al. 2001,
Jones et al. 2000). However, the use of such cages in running waters is problematic because
they not only restrict the movement of large bodied animals but can also influence habitat
parameters in the cages by, for instance, slowing the water current and thus increasing
accumulation of sediment and organic debris (Ruetz et al. 2006, Dudgeon 1993, Pringle .et al.
1993). Although artificial differences between access and exclusion treatments can be avoided
by constructing "control" cages, which do not restrict animal movement but have the same
side-effects on the micro-habitat as the exclusion cages (Ruetz et al. 2006), conditions inside
the cages still differ from the outside environment. Further, cages have a relatively high
resistance to stream current, which results in cages being washed out during periods of
increased discharge. This makes the method unsuitable for flood-prone rivers (Pringle and
Hamazaki 1997).
To overcome these disadvantages of the cage method, Pringle and Blake (1994)
introduced an alternative exclusion method where electric pulses sent out by an electric fence
charger are applied to electrodes immersed in the water column; these pulses have a stronger
effect on larger animals than on smaller ones but do not affect local habitat parameters.
The electric exclusion method has been used for different purposes and with various
electrode setups. Pringle and Blake (1994) used opposing D-shaped electrodes to exclude
freshwater shrimps, and Pringle and Hamazaki (1997) used the same setup to exclude fish
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from patches in the river bed. Brown et al. (2000) used a more powerful fence charger
connected to two parallel wire electrodes to exclude grazing mayflies from experimental
stream channels in the field. Moulton et al (2004) used three parallel electrodes to exclude
shrimps from patches of streambed. The apparatus always consists of an electric fence charger,
connecting cables and wire electrodes that surround one or more experimental units.
Depending on the ground conditions in the study system, the electrodes may either be
strapped to a plastic frame (Pringle and Blake1994, Pringle and Hamazaki 1997) or directly
attached to the ground (Brown et al. 2000, Moulton et al. 2004). Pringle and Hamazaki (1997)
demonstrated that electrodes attached to a plastic frame held in place by two 30cm steel stakes
survived several large floods in a tropical rainforest stream due to their low resistance to
stream current.
The effect of electric exclosures can be understood by considering animals in fresh
water as conductors in a relatively non-conductive environment. When a voltage is applied
between two points in the water column (electrodes), an electric field is established in the area
between them in which ions are propelled along the field lines towards the electrodes, thus
inducing an electric current (Figure 2.1). Each tiny body of water surrounding the electrode
can be viewed as a resistor and each field line as a chain of resistors. Along this chain, the
electric potential difference (voltage) between two points is proportional to distance. To
illustrate this, we can draw another set of lines, called equipotential lines, that connect points
of equal electric potential and are perpendicular to the electric field lines (and represent
equipotential surfaces in a three dimensional space). The electric potential difference between
any two points in the electric field is proportional to the number of equipotential lines
between them and thus depends on the distance between the points and their position relative
to the electrodes. Any animal inside the electric field will become part of the electric circuit,
with current flowing through it. A large bodied animal (e.g. a fish) can connect points of
larger electric potential difference and thus is more likely to receive a stronger shock than a
small animal (e.g. a mayfly larva). This means that electrodes immersed in the water and
supplied with the proper voltage can be used to exclude large bodied animals without
affecting smaller ones.
There are various ways to modify the strength of the electric field. Although most
fence chargers are not adjustable or can only be roughly adjusted, they are available with a
variety of power outputs. The strength of the electric field in each experimental unit will then
depend on the size, shape and number of electrodes connected to each charger. The strength
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of the electric field and its effect on animals will further depend on the conductivity of the
surrounding water and the geology of the substrate.
Since it is nearly impossible to calculate the electric field strength a particular setup
will exert in a particular environment, and there are no theoretical ways to assess the effect of
this field on living animals, any ecologist keen to use the electric exclusion method will have
to adjust the equipment to suit the particular study system and prove the efficiency of the
adjusted setup.

Figure 2.1 Schematic diagram of an electric field established between two point electrodes. Solid

lines show equipotential lines, arrows show the direction of the electric current along the field lines.
This picture was generated using 2-D Electrostatic Fields Applet vl.4 (WISE - the Westminster
Institute for Science Education).

I wished to use the electric exclusion method to deter fish from patches of riverbed
(Chapters 3 and 4) in the Kauru River, a flood prone New Zealand river. Here I present two
experiments investigating the effects of the electric exclusion equipment, first on fish
presence and second on invertebrate drift. Fish presence was determined after electrically
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excluding fish for two months, while invertebrate drift was measured for thirty minutes
immediately after the electricity was switched on.
MATERIALS AND METHODS

Study site
Most of my trials were conducted in a reach (about 60m long and 10-12m wide) ofthe Kauru
River, a 3rd order stream in the Otago province in the South Island ofNew Zealand (170°44.6'
East, 45°6.5' South, 98m a.s.l.). The river catchment covers 124 km2 , ranges from 55-1273m
a.s.l. and receives a mean annual rainfall of 817mm (recorded at a gauge 540 m a.s.l. and
9.5km

from

the

study

site;

Otago

Regional

Council

[ORC],

website

http://water.orc.govt.nz/waterinfo/showsite.asp?s=53). Mean annual discharge at a gauging
station 300m upstream of my study reach is 1.06 m 3/s, and mean annual baseflow is 0.12 m3 /s
(ORC, unpublished data). The river has a gravel/cobble bed, with substratum particles at the
study reach having a b-diameter (the second-longest axis, or width, of each particle) of
10.3±5.8cm (mean± standard error; Wolman pebble counts performed on 19 April2006, n =
100) (Wolman 1954). The water is relatively nutrient-poor (Nitrate-N 23±9J.!g!L; Phosphate-P
4±2J.!g!L; means ± standard deviations based on 20 samples taken from October to December
2005), and electric conductivity is relatively low (42J.!S, measured on 20 June 2005 with a
multiparameter, model YSI 556 MPS, YSI Inc., Yellow Springs, Ohio, USA).
The Kauru River contains a diverse and abundant invertebrate community, and its fish
fauna consists of introduced brown trout (Salmo trutta) and native upland bullies

(Gobiomorphus breviceps), galaxiids (Galaxias vulgaris and G. cobitinis) and eels (Anguilla
dieffenbachii and A. australis). Fish populations in a 30m section of the study reach (ea.
300m2 ) on 5 December 2005 were estimated to include 88 brown trout (0.29 individuals/m2),
83 upland bullies (0.28/m2), 11 eels and 1 Galaxias vulgaris (calculated using the software
Microfish 3.0 and based on three electric fishing runs; EFM300 electric fishing machine,
NIWA Instrument Systems, Christchurch, New Zealand). These fish densities are in the midrange of the natural densities of both brown trout (Huryn 1998: 0. 7 individuals/m2 ; Mclntosh
2000: O.Ol-0.5/m2 ; Townsend 2003: 0.1-0.4/ m 2 ) and upland bullies (Mclntosh 2000: 0.010.07 individuals/m2 ; Jowett and Boustead 2001: O.Ol-2.8/m2) in eastern South Island streams.
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The electric exclusion equipment
My version of the electric exclosures comprised three parallel copper electrodes strapped
across a 50cm

x

50cm PVC frame made from PVC pressure tube (outside diameter 22mm).

One anode was arranged in the middle of the frame, and two cathodes ran along the sides
(Figure 2.2). The electrodes, consisting of single core copper cable stripped of its insulation,
were connected to the fence charger via two separate three-core mains-electricity cables for
double insulation, the anode to the fence terminal and the cathode to the ground terminal.

PVC frame

~

Insulated cables

/

Figure 2.2 Diagram of an electric exclosure (frame size 0.5

x

O.Sm) used for fish exclusion in the

present study and in the experiments described in Chapters 3 and 4.

To find the appropriate field strength for my planned experiments (Chapters 3 and 4), I
created a number of electric fields of different strengths by altering the number of electric
exclosures connected to a single charger and testing two different fence charger models,
namely the Gallagher B20 and Gallagher B 160 models; the latter can be set to Yz or full power
(Gallagher, Hamilton, New Zealand; powered by a 12V truck battery). Peak voltage of the
electric pulses at the electrodes was measured using a peak voltage reader (Gallagher DVM2 ).
In trials, two or more exclosures were connected parallel to one charger, connecting the cables
ofthe second exclosure to the electrodes ofthe first, and so on, with connecting cables of lOm
length (Figure 2.3). Thus, the lengths of the cables connecting the exclosures to the fence
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charger were 10, 20 and 30m, although ideally the connections from the fence charger to each
exclosure should be of equal length to ensure equal resistance in all connections and thus
equal voltage at all exclosures. In practice, peak voltage readings at the charger outlet and at
all exclosures were always similar, indicating that the resistance of the cables was low and
differences in connection lengths up to at least 20m could be neglected.

Observations of the behaviour of fish and benthic invertebrates
I observed the reaction of benthic invertebrates caught in a kick-net and placed on a white
plastic tray underneath an electric exclosure that was submerged about 20cm deep in the
Kauru River. Field strength was increased in the available steps until a synchronous twitching
of the invertebrates could be seen, and then I chose a field strength that was slightly weaker
and had no obvious behavioural effect (Gallagher B160 fence charger set to Yz power; three
electric exclosures connected, Figure 2.3).

Electric fence charger
Fish exclusion

Fish exclusion
Fish access

Fish access

Fish access

\

Insulated cables

Figure 2.3 Diagram of one transect containing three electric exclosures and three non-electrified

control plots as used in the present study and in Chapter 3. Electric exclosures are connected parallel
to one fence charger using two separate cables.

The reaction of fish to this field was then tested, again by visual observation. An arena
of about l.Ox2.5m was constructed in water approximately 20cm deep in a slowly flowing
side arm of the Kauru River. The arena consisted of green plastic mesh (mesh size 3mm)
supported by fence posts at the corners, and containing gravel from the river and one electric
exclosure. Three brown trout and eight upland bullies were caught in the Kauru River, placed
into the arena and observed. Both trout and bullies apparently avoided the electrified area,
showing a twitching motion inside it and leaving after a few seconds at most.
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Having achieved a field strength that was likely to be appropriate based on my visual
observations, I confidently started the main experiment described in Chapter 3. However,
because the data yielded by these qualitative observations could not be evaluated statistically,
I decided to conduct two further, quantitative experiments aimed at testing the electric
exclusion method. The first of these quantified the effect of electric exclusion on fish presence,
and the second investigated the response of invertebrate drift to the electric fish exclusion.
Two quantitative pilot studies

To verify the effect of the exclosures on fish, I used the experimental design planned for the
experiment described in Chapter 3 (investigating the individual and combined effects of fish
predation and local disturbance history on the benthic community of the Kauru River). This
design consisted of 48 experimental plots, half of which were equipped with electric
exclosures while the remainder were control units with a non-electrified version of the PVC
frames. On 4 October 2005, 16 plots each experienced sediment scour, deposition or remained
undisturbed (see Chapter 3 for details, but note that these disturbance treatments are not
relevant for the present study). The experimental units were arranged in eight transects across
the river in a randomised block design (Hurlbert 1984), with each of six treatment
combinations (two predation pressure treatments

x

three local disturbance history treatments)

represented once in each block. On 8 October 2005, the experimental setup was disturbed by a
minor flood (peak flow 11.7m3/s), which destroyed three non-electrified control plots.
Subsequently, flow in the Kauru River remained stable and low.
On 5 December 2005, four days after the end of the main experiment, all fish inside
the remaining 45 PVC frames were caught by electric fishing (EFM300 electric fishing
machine, NIWA Instrument Systems, Christchurch, New Zealand), and fish densities in
exclusion and control plots were compared. The electricity in the exclusion plots remained
switched on in each transect until a few minutes before electric fishing started.
The same exclosure unit setup was used to investigate the effect of the electric field on
invertebrate drift. On 8 December 2005, I installed sixteen experimental units in four transects
across a 12m reach of the Kauru River that had been undisturbed during the main experiment.
Each transect represented an experimental block that contained four plots, two each of which
were equipped with electrified exclosures or non-electrified control frames. A third electric
exclosure was connected to the electrified ones of each transect to provide conditions identical
to the main experiment. The four blocks were used as temporal replicates, and were sampled
for one night between 18.35h and 0 1.17h, a period when drift density can be expected to be
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highest (Allan and Russek 1985, Brittain and Eikland 1988). A lack of drift nets did not allow
all samples to be taken at the same time. Consequently, each block was randomly assigned to
one of four sampling series that started at 18.35h, 20.10h, 22.17h and 23.56h (see Table 2.1).
In each sampling series, one drift net (frame diameter 33cm, mesh size 330!-lm) was deployed
directly downstream of each experimental plot for two consecutive periods of about 30
minutes each. At the beginning of the second period of each sampling series, the electricity in
the "fish-exclusion" plots was switched on. Flow velocity in the opening of each drift net was
measured after each sampling series (with fence chargers switched off) using an
electromagnetic flow meter (Flo-Mate 2000, Marsh-McBimey Inc., Maryland, USA) and the
exact duration of each sampling period was noted to assess the total volume of water filtered.
Invertebrates caught in the drift nets were preserved in the field in 80% ethanol and processed
in the laboratory after subsampling using a rotating subsampler. Invertebrates were identified
under a dissecting microscope (Olympus SZ51, 8-40x, Japan) to the lowest practical level,
usually family or genus. Since the electricity is more likely to affect large invertebrates than
smaller ones, I divided invertebrates into size classes (maximum body dimension of less than
3mm versus 3mm or greater).
Table 2.1 Timeline of the experiment investigating the effect of electricity on invertebrate drift
conducted during the night of 8/9 December 2005, showing start and finish times and duration in
minutes of each sampling period for all four sampling series.

Sampling series

1
2
3
4

Before
Start
18:35
20:10
22:17
23:56

Finish
19:09
20:44
22:50
0:30

Duration
34min.
34min.
33min.
34min.

After
Start
19:24
21:03
23:06
0:43

Finish
19:58
21:36
23:40
1:17

Duration
34 min.
33min.
34min.
34min.

Statistical analysis

All analyses were conducted in SPSS version 15.0. After exploratory analysis, data were
log10-transformed where necessary to improve normality and homoscedasticity.
Densities of brown trout and upland bully inside the electrified exclosures and the
non-electrified control plots were compared using a one-way analysis of variance (ANOVA)
with the model intercept (degrees of freedom 1) +electricity (1) +error (43; n=45).
The reaction of invertebrates to the electricity was analysed using two-way repeated
measures ANOVA, with 'electricity' and 'sampling series' as betwef!n-subjects factors.
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'Before-versus-after' was the within-subjects factor. The model of this ANOVA was intercept
(degrees of freedom 1) + electricity (1) + sampling series (3) + error (27; n=32). The
comparison of 'before-versus-after' reflected the switching on of the electric exclosures, but
also a time difference of about 45 minutes, which might itself be responsible for a difference
in drift densities, especially around dusk (Allan and Russek 1985, Brittain and Eikland 1988).
Consequently, a change in drift densities as a reaction to the electricity should appear as a
significant interaction between electricity and the within-subjects factor before-versus-after,
with drift densities increasing more in the electrified treatments compared to the control ones.
RESULTS

Effects of electric pulses on fish

Twenty-six fish (bullies, galaxiids and brown trout combined) were found inside 21 nonelectrified control plots. By contrast, only a single fish (a brown trout) was found inside 23
electrified plots. Comparison of fish densities by one-way ANOVA showed that both brown
trout and upland bully were significantly less abundant inside the electrified exclosures than
in the control plots (Figure 2.4; brown troutP=0.002, upland bully P=O.OOI).
Fish densities
5
4

o Control plots
• Electric exclosures

**

**

T
1
T

0
Brown Trout

Upland Bully

Figure 2.4 Densities of brown trout and upland bully inside electric exclosures and non-electrified
control plots after two months of exclusion. Error bars indicate standard errors. Significant differences
among treatments are shown by asterisks(** P < 0.01).
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Effects of electric pulses on invertebrate drift
Repeated-measures ANOVAs showed that neither total invertebrate drift density, drift density
of large invertebrates (:::3mm), drift density of small invertebrates (<3mm), invertebrate taxon
richness nor drift densities of any of the nine most common taxa increased significantly in the
electrified units compared to the control ones as a reaction to electricity (before-versus-after
electricity interaction:

~0.14,

x

see Table 2.2, Figures 2.5, 2.6 and 2.7). Drift densities

frequently differed between sampling series, reflecting diurnal changes in invertebrate drift
activity but not electricity effects. In two cases, these diurnal changes showed up as
significant before-versus-after effects.
Total invertebrate drift density was lowest in the first sampling series, highest in the
second and third series, and decreased slightly in the fourth (Figure 2.5, Table 2.2). This result
represented a combination of the patterns shown by the drift densities of small (<3mm) and
larger (2::3mm) invertebrates. Small invertebrates drifted more actively during the second and
third sampling series than in the first or the fourth. Larger invertebrates, on the other hand,
drifted more actively in the third and fourth sampling series than in the second. Overall, drift
densities of large invertebrates were higher in the "after" samples than before switching the
electricity on. This pattern differed between sampling series (P=0.056; power=0.61) and was
most apparent in the first and fourth series. The lack of a significant before-versus-after x
electricity interaction indicates that this was an effect of time, rather than electricity. Taxon
richness in the drift samples did not differ between sampling series or treatments (Figure 2.5,
Table 2.2).
Drift densities of Leptophlebiidae mayfly larvae increased after the second sampling
series (Figure 2.6, Table 2.2). A significant before-versus-after effect was most apparent in
the fourth sampling series, indicating a further increase of Leptophlebiidae drift activity after
00.30h. Larvae of the black fly Austrosimulium spp. drifted more in the last two sampling
series than in the first or second (Figure 2.6, Table 2.2), although the difference between the
first and fourth series in the pairwise comparison in the post-hoc tests was only marginally
significant (P=0.07). Chironomidae drift densities were higher in the third sampling series
than in the first and second. Drift densities of the snail Potamopyrgus antipodarum and the
caddisfly Aoteapsyche spp. were highest in the second and third sampling series (Figure 2.6,
Table 2.2). In the fourth sampling series, P. antipodarum drift densities returned to the same
level as in the first series, while Aoteapsyche spp. drift densities decreased to an intermediate
level.
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Figure 2.5 Drift densities oftotal invertebrates, large (?:3mm) and small (<3mm) invertebrates, and
invertebrate taxon richness in drift samples taken during four sampling series directly downstream of
electric exclosures and non-electrified control plots before and after switching the electricity on. See
Table 2 for start and finish times of each sampling series. Error bars indicate standard errors.
Significant differences among sampling series or before versus after are shown by asterisks(* P < 0.05;

** P < 0.01; *** P < 0.001; Series= sampling series; B vs A

=Before v_ersus after). Table 2 provides

exact P-values.
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The predatory caddisfly family Hydrobiosidae drifted more in the fourth than in the first
sampling series while drift densities of the grazing Conoesucidae caddisflies were highest in
the first sampling series, intermediate in the second and lowest in the third and fourth (Figure
2. 7, Table 2.2). Larvae of the caddisfly Oxyethira spp. and Elmidae beetles showed no change
in drift densities over time or in reaction to electricity (Figure 2.7, Table 2.2).

Figure 2.6 (over page) Drift densities of Leptophlebiidae, Austrosimulium spp., Chironomidae, P.
antipodarum and Aoteapsyche spp. in drift samples taken during four sampling series directly

downstream of electric exclosures and non-electrified control plots before and after switching the
electricity on. For symbols and abbreviations see Figure 2.5.
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Figure 2. 7 Drift densities of Hydrobiosidae, Conoesucidae, Oxyethira spp. and Elmidae in drift

samples taken during four sampling series directly downstream of electric exclosures and nonelectrified control plots before and after switching the electricity on. For symbols and abbreviations
see Figure 2.5.
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Table 2.2 Summary of treatment effects on total invertebrate drift density, taxon richness and drift
densities of the nine most common taxa, as determined by two-way repeated-measures ANOVAs.
Significant results (P < 0.05) are given in bold, plus rankings of sampling series (which were
equivalent to experimental blocks, see text) as determined by post-hoc tests. B vs A = Before-versusAfter. Numbers in Ranking indicate the respective sampling series.

Between-subjects effects
p
Ranking
Total invertebrates
0.16
Electricity
1 < 4 < (2 = 3)
<0.001
Series

2 < (3 = 4)

Before versus after
B vs A x Electricity
B vs A x Series

0.005
0.74
0.06

(1 = 4) < (2 = 3)

Before versus after
B vs A x Electricity
B vs A x Series

0.91
0.49
0.37

0.74
0.67

Before versus after
B vs A x Electricity
B vs A x Series

0.15
0.44
0.10

0.94
<0.001

Before versus after
B vs A x Electricity
B vs A x Series

0.02
0.48
0.51

Before versus after
2 < (3 = 4); 1 < 3 B vs A x Electricity
B vs A x Series

0.90
0.30
0.86

Before versus after
B vs A x Electricity
B vs A x Series

0.51
0.81
0.14

Austrosimulium spp.
0.91
Electricity
0.001
Series

Chironomidae
Electricity
Series

Ranking

0.26
0.44
0.32

Invertebrates < 3mm
0.19
Electricity
<0.001
Series

Leptophlebiidae
Electricity
Series

p

Before versus after
B vs A x Electricity
B vs A x Series

Invertebrates ~ 3mm
0.91
Electricity
0.001
Series

Taxon richness
Electricity
Series

Within-subjects effects

0.35
0.008

(1 = 2) < (3 = 4)

(1 = 2) < 3

B<A

B<A
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Table 2.2 (continued):

Between-subjects effects
p
Ranking
P. antipodarum
0.26
Electricity
<0.001 (1 = 4) < (2 = 3)
Series

Aoteapsyche spp.
0.89
Electricity
<0.001
Series

Within-subjects effects

p

Ranking

Before versus after
B vs A x Electricity
B vs A x Series

0.49
0.95
0.08

1 < 4 < (2 = 3)

Before versus after
B vs A x Electricity
B vs A x Series

0.53
0.94
0.85

0.53
0.56
0.72

Hydrobiosidae
Electricity
Series

0.51
0.003

1<4

Before versus after
B vs A x Electricity
B vs A x Series

Conoesucidae
Electricity
Series

0.48
0.002

(3 = 4) < 1

Before versus after
B vs A x Electricity
B vs A x Series

0.07
0.93
0.32

Oxyethira spp.
Electricity
Series

0.72
0.158

Before versus after
B vs A x Electricity
B vs A x Series

0.91
0.14
0.54

0.90
0.71

Before versus after
B vs A x Electricity
B vs A x Series

0.51
0.51
0.61

Elmidae
Electricity
Series
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DISCUSSION

Effects of electric exclosures on fish and invertebrate drift

Fish densities were significantly lower in the electrified plots compared to the control plots,
indicating that predatory fish were excluded efficiently from the plots. Invertebrates, however,
did not drift away in increased numbers to avoid the electric field. These results show that the
electric exclusion method was adapted successfully to the specific conditions in my study
stream and predatory fish could be excluded without negatively affecting the benthic
invertebrates.
When expressed in relation to the area of the PVC frames (0.5x0.5m), the fish
densities associated with the plots were higher than the estimated fish densities across the
study reach of the experiment described in Chapter 3, which were determined on the same day.
However, it is well known that electric fishing can attract fish that are further than 0.5m from
the electrode (see e.g. Perrow et al. 1996). Therefore, these apparent differences in fish
densities imply that my "plot-specific" electric fishing actually sampled a total area of about
1.5x 1.5m surrounding each experimental plot. The width of this square was equivalent to half
the lateral distance between two PVC frames (roughly 0.5m) on either side of each 0.5m
frame. These results also indicate that each electric exclusion fence kept fish out of a similarly
large area (1.5 x 1.5m), presumably because fish learned to avoid not only the fences
themselves but also their perimeters.
Conclusion

The efficiency of the electric exclusion method depends on the particular study system and
organisms, and qualitative visual observations of animal behaviour are rather subjective. On
the other hand, quantitative studies require considerable effort and are therefore limited in
their use as pilot studies. In the present research, the results of the quantitative studies closely
matched the expectations based on visual observations. Using visual observation to assess the
effect of a wide range of electric field strengths and then choosing one field strength for more
accurate quantitative investigation was a feasible way to confirm the efficiency of the used
equipment in my study. Therefore, I encourage researchers wanting to use the electric
exclusion method to conduct similar pilot studies in their study stream or river to adapt the
equipment in an appropriate way for their specific research objectives. To complement these
density-based data, quantitative visual observations of animal behaviour, similar to those
described in Chapter 5, would be useful. These observations should be planned to yield
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statistically interpretable data, rather than relying purely on subjective interpretations. At the
early stage of my PhD research when I conducted the pilot studies described in the present
chapter, I was too focused on structural community parameters to see this possibility.
Further perfection of the electric exclusion method could include devices that allow a
finer adjustment of the fence charger, possibly through adjustable resistors. Perhaps demand
for this effective differential exclusion technique will increase sufficiently to make especially
constructed, finely adjustable chargers commercially available.
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Chapter Three

Abiotic disturbance reduces the effect of predatory fish on benthic
communities

29

SUMMARY

The identification of factors that drive the patchy distribution of organisms in space and time
is a central concern of ecology. Biotic interactions, such as predation and competition, are
well-known drivers of this patchiness. Disturbance can also play an important role in
generating patchy distributions. However, the interplay of disturbance with biotic interactions
is still poorly understood, especially in frequently disturbed ecosystems. My field experiment
investigated the individual and combined effects of flood disturbance and fish predation on
benthic invertebrates, algae and leaf decomposition in a 30-m reach of a flood-prone river.
Bed movements during a mid-sized flood were simulated by removing substratum from 16
scour patches (0.49m2), depositing substratum in 16 fill patches, and leaving 16 stable patches
unchanged. I excluded fish from half the patches in each disturbance treatment using electric
exclosures (0.25m2 PVC-frames lined with copper wire powered by electric fence chargers)
and studied the benthic communities on ceramic tiles for 58 days of fish exclusion starting
after the experimental disturbance. Local bed disturbance had both short-term and long-term
effects on invertebrate distributions and algal biomass, in agreement with previous research.
Fish presence had far fewer effects on the benthic community, indicating that fish predation
may play a minor role in this frequently disturbed environment. Four of six significant
interactions between disturbance and predation indicated that fish predation had a stronger
impact on the benthic community in stable bed patches than in disturbed ones. These results
show that local abiotic disturbance can reduce the impact of biotic interactions in streams.
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INTRODUCTION

The patchy distribution of organisms in space and time is a prominent feature of natural
ecosystems and the identification of factors that drive these "patch dynamics" is a central
concern of ecology in general (Pickett and White 1985) and stream ecology in particular
(Townsend 1989).
Disturbance has been recognised as an important factor creating spatial and temporal
heterogeneity in most ecosystems (Connell 1978, Huston 1979, White and Jentsch 2001).
Disturbances have many obvious and immediate negative impacts, killing or · displacing
organisms and destroying or damaging existing habitats. On the other hand, they open up
space for new colonists and make new resources available, with positive consequences for
some taxa.
Because most running waters are frequently affected by floods (Poff and Ward 1989,
Poff 1996), hydrological disturbance is regarded as one of the dominant factors driving the
distribution of organisms. Recent studies of flood-related bed movements revealed that
smaller and intermediate floods, in particular, often result in a complex mosaic of small (::S 1
m 2 ) patches of stream bed that have experienced scour, substratum deposition (fill) or
remained stable (Matthaei et al. 1999, 2003). This "local disturbance history" has both shortterm (::S 1 week) and

long-term(~

2 months) effects on the small-scale distributions ofbenthic

invertebrates and algae (Matthaei and Townsend 2000, Matthaei et al. 2003, Effenberger et al.
2006, 2008).
Biotic interactions such as competition (e.g. Kohler and Wiley 1997), grazing (Power
1992), predation (Englund and Evander 1999, Diehl et al. 2000) and parasitism (Kohler and
Wiley 1997) can also be important determinants of the distribution of stream organisms.
While biotic interactions are likely to be important in stable streams, Townsend (1989) and
Poff and Ward (1989) predicted that the importance of biotic interactions should decrease
with increasing frequency and severity of disturbance. These predictions accord with the
theory that the strength of biotic interactions decreases with decreasing population densities,
and that there are trade-offs between traits that convey competitive ability as opposed to
resistance against disturbance (Huston 1979, Menge and Sutherland 1987).
On the other hand, Chesson and Huntly (1997) argued in a theoretical paper that biotic
interactions may play an important role even in frequently disturbed ecosystems because a
relatively minor stress caused by biotic interactions could be enough to "push over the edge" a
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species already weakened by abiotic disturbance. In other words, disturbance may either
relieve organisms from stress caused by biotic interactions or make them even more
vulnerable to this stress (Thomson et al. 2002). Which of these opposing outcomes occurs
may depend on the actors present (predator and prey, or two or more competitors), the impact
of disturbance on each actor and possibly on further interacting factors, such as the
availability of refugia for prey organims and the particular mechanism of the predator impact
(Thomson et al. 2002).
Despite the wealth of theory, empirical research to test these predictions in running
waters is far from complete. Most streams are subject to considerable discharge variations
(Poff and Ward 1989, Poff 1996), but the vast majority of studies of biotic interactions in
running waters have been performed in highly stable streams (e.g. McAuliffe 1984, Kohl er
and Wiley 1997), during long periods of stable flow in seasonally disturbed streams (e.g.
Hemphill and Cooper 1983), in artificial stream channels with stable flow (e.g. Diehl et al.
2000), in small-scale experiments in streamside channels fed by stable streams (Nystrom and
Mclntosh 2003, Ledger et al. 2006) or in small laboratory channels (Cardinale and Palmer
2002). By contrast, only two field experiments have investigated the interaction between
abiotic disturbance and biotic factors in frequently disturbed streams (Pringle and Hamazaki
1997, Thomson et al. 2002). None of these experiments involved substratum movement as
part of the disturbance and the effect of local disturbance history on predator-prey
relationships has not been studied at all. Further research is needed to determine how biotic
and abiotic factors interact under field conditions in frequently disturbed environments.
Local disturbance history and fish presence are likely to affect not only structural
parameters, such as invertebrate densities and algal biomass, but also ecosystem function. For
example, decomposition rates of organic matter can be used as a measure of ecosystem
function to complement structural parameters (Gessner and Chauvet 2002, Young et al. 2008)
As far as I am aware, no previous studies have investigated the effects of local disturbance
history on leaf decay rates.
Here I describe a field experiment conducted at the scale of the stream reach in a
flood-prone New Zealand river. I investigated the individual and combined effects of local
disturbance history and fish predation on benthic macroinvertebrates, algae and leaf
decomposition in an eight-week period after a manipulation designed to simulate the local
disturbance history pattern caused by a medium-sized flood. Predatory fish were excluded
from half the experimental plots using electric exclusion devices (Pri:q.gle and Hamazaki
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1997). My study design is based on two assumptions linked to the high mobility of fish: (1)
fish can survive local bed disturbances by sheltering in relatively distant refugia (up to a few
lOOm away) that are not available to smaller,less mobile organisms, and (2) fish are able to
recolonise disturbed bed patches faster after floods than the smaller, benthic organisms. The
implications of these assumptions, which are only partly realistic because bed-moving floods
often reduce fish densities (Poff and Allan 1995, Mclntosh 2000), will be examined in the
Discussion.
I predicted disturbance history would influence invertebrate distributions across the
whole experimental period and while stable patches should show higher invertebrate densities
shortly after the disturbance, I expected some invertebrate taxa to prefer recently scoured or
filled bed patches later in the experiment (Matthaei et al. 2000, Effenberger et al. 2006, 2008).
I further expected fish predation to influence invertebrate densities, but also to interact with

disturbance history. According to the predictions of Townsend (1989) and Poff and Ward
(1989), fish predation should be relatively unimportant for invertebrate distributions due to
the frequently disturbed nature of my study stream but fish should affect the benthic
community in stable patches more than in recently disturbed ones. According to the
predictions of Chesson and Huntly (1997), fish predation should be just as important in my
study stream as in more stable streams, and also in disturbed patches as compared to stable
patches. Fish presence was also expected to cause a trophic cascade, affecting algal biomass
and leaf decay rates indirectly by influencing invertebrate densities (Flecker and Townsend
1994, Mcintosh and Townsend 1996).
MATERIALS AND METHODS

Study site

My study was conducted from October to December 2005 in a reach (about 30m long and 1012m wide) of the Kauru River, a 3rd order river in the Otago province of New Zealand
(170°44.6' East, 45°6.5' South, 98m a.s.l.). For further details refer to Chapter 2.
Mean annual discharge at a gauging station 300m upstream of the study reach is 1.06
m3 /s (ORC, unpublished data). Field observations from 2005 to 2008 showed that floods
exceeding about 30m3 /s cause considerable bed movements, including changes in the course
of the active channel, deposition of new gravel bars and the creation of scour pools, in the
200-m section of the river where the reach is located. Such major floods occurred 11 times in
the 93 months for which flow data are available (November 1991 to June 1994, September
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2003 to September 2008). According to Clausen and Biggs (1997), smaller discharge events,
which exceed 3 times the annual median flow, generally disturb the benthic algal and
invertebrate community ofNew Zealand streams. For my Kauru River site, 13.8 such events
occur per year, with a mean interval between events of 26 days and a maximum of 107 days.
In spite of its nutrient-poor status and harsh disturbance regime, the Kauru River
contains a diverse and abundant invertebrate community. Fish populations in my study reach
on 5 December 2005 were estimated to include 88 brown trout (0.29 individuals/m2), 83
upland bullies (0.28/m2), 11 eels and 1 Galaxias vulgaris (calculated using the software
Microfish 3.0 and based on three electric fishing runs; EFM300 electric fishing machine,
NIWA Instrument Systems, Christchurch). These values are in the mid-range of the natural
densities of brown trout (Mcintosh 2000: 0.01-0.5/m2; Townsend 2003: 0.1-0.4/ m2) and
upland bullies (Mclntosh 2000: 0.01-0.07 individuals/m2; Jowett and Boustead 2001: 0.012.8/m2) in New Zealand streams.
Experimental design

I manipulated disturbance history and fish predation pressure in 48 plots using six treatment
combinations (three disturbance categories

x

two predation pressures). Eight replicates of

these treatment combinations were arranged in a randomised block design, resulting in 16
replicates for each disturbance treatment and 24 replicates for each predation treatment. Eight
transects, each containing six plots of 75

x

75cm, were established in the reach, with about

5m between transects and 1m laterally between plots. Previous research in the Kye Burn, a
similarly-sized river with similar catchment properties located about 35km from the Kauru
River, has shown that natural floods create disturbance history patterns at the same spatial
scale (::S 1m between patches of different stabilities; Matthaei et al. 1999).The six treatment
combinations were distributed randomly among the six plots in each transect.
The disturbance was performed on 4 October 2005 (day 0), and fish exclusion devices
were set up the following day. Biological samples were taken 10, 16, 23, 30, 44 and 58 days
after the disturbance. Each plot contained six unglazed terracotta tiles (10 x 10 x 1cm; surface
area 240cm2) that served as substrates for six sampling occasions (Figure 3.1). Tile length and
width was equivalent to the mean b-diameter of natural surface stones in my study reach, and
invertebrate community composition on tiles of this size has been shown in previous
disturbance history research to be similar to community composition on natural surface stones
(Effenberger et al. 2008). On each date, one tile per plot was selected randomly for sampling.
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Each plot also contained two leaf packs, which were sampled on days 23 and 58, respectively,
to assess leaf decomposition rates (see below).
A minor flood (peak flow 11.7m3/s) occurred four days after the experimental
disturbance, highlighting the flashy flow regime of the Kauru River. While not causing any
obvious bed movements in my experimental plots (P. Herrmann, field observations), this
flood dislodged three PVC frames completely and tore individual tiles and leaf packs out of
22 others. Consequently, the number of replicate tiles per treatment had to be reduced slightly
with each sampling occasion (Table 3.1). Nevertheless, 7-14 replicates per disturbance
treatment and 14-17 replicates per predation treatment remained on the final sampling date.
After the minor flood, river flow remained quite stable until the end of the experiment and no
noticeable bed changes were observed in the experimental plots.
Table 3.1 Total number of experimental units and numbers of tile and leaf pack replicates in the
disturbance history (scour, stable, fill) and fish access/exclusion treatments on the six sampling dates.
Numbers declined with time due to a flood that occurred on day 4 of the experiment and affected some
ofthe experimental units.
Leaf packs

Tiles

58

31

23
44

16
12
8

14
10
7

16
15
13

12
12
10

18
18

14
17

21
23

17
17

Day

10

16

23

30

44

58

Total experimental units

45

44

43

38

36

Scour
Fill

16
15
14

16
14
14

16
13
14

16
12
10

Fish access
Fish exclusion

21
24

21
23

21
22

19
19

Stable
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Fish exclusion
I adapted the electric exclusion method ofPringle and Hamazaki (1997) for use in the Kauru

River (Chapter 2). My version ofthe exclusion fences consisted of square frames of PVC tube
(50

x

50cm; tube diameter 22mm), held in the centres of each experimental plot by 30cm,

steel tent pegs (attached to facing corners of the square) driven into the stream bed (Figure
3.1). The PVC frames were also used to hold the terracotta tiles in place. Two lengths of
builder's line (diameter 3mm) were stretched across the frame (Figure 3.1). Three tiles each
were tied to these lines using fishing line (tensile strength 9kg), with just enough slack to
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allow each tile to settle onto the stream bed within the frame. Another length of builder's line
along the middle of the frame held the two leaf packs in place. I used 1Og (fresh weight) of
leaves of mahoe (Melicytus ramiflorus); a common native shrub that also occurs in the
catchment of the Kauru River, as a decomposition bioassay for comparisons between
experimental treatments. All leaves in each pack (usually 10-15) were sewn together at the
base of the mid-vein and tied to the builder's line using polyester thread.

Leaf packs
Ceramic tiles
Fishing line
Insulated cables!

Figure 3.1

Diagram of an electrified PVC frame (0.5 x 0.5m) used for fish exclusion in the

experiment. Frames exposed in stream bed patches with fish access were similar but did not include
wire electrodes.

The frames installed in the 'fish exclusion' plots were lined with three parallel
electrodes made of copper wire, one (anode) along the middle, and two (cathodes) along the
sides (Figure 3.1). Electrodes and builder's lines were always arranged along the flow
direction to minimise the accumulation of debris. The three electrified fences in each transect
were connected in parallel to an electric fence charger (Gallagher B160, Gallagher, Hamilton,
New Zealand; powered by a 12V truck battery). Two separate three-core mains electricity
cables were used as connections to maximise insulation properties. The fence chargers
delivered 55 electric pulses per minute (0.7 Joule at the charger outlet), which resulted in 1.4
to 1.6 kilovolt voltage peaks arriving at the electrodes in the fences. The 'fish access'(control)
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plots contained PVC frames without electrodes. Previous research (Pringle and Hamazaki
1997) showed that the non-electrified fence structure itself had no influence on fish visitation,
sedimentation, algal densities or invertebrate densities.
Two pilot studies (see Chapter 2) conducted in the experimental reach confirmed that
these electric exclosures deterred fish effectively without increasing benthic invertebrate drift
relative to non-electrified controls (no significant effects on total drift density, taxon richness
and drift densities of the nine most common invertebrate taxa; densities of brown trout and
upland bully were significantly lower in electrified plots than in control plots [trout P=0.002;
bully P=0.001; t-test]).
Experimental disturbance

My disturbance aimed to simulate bed movements in the reach caused by a medium-sized
flood in the Kauru River. The magnitude of my manipulations was based on the disturbance
history patterns observed during six natural floods in the nearby Kye Bum (Matthaei et al.
1999). Sixteen plots each were subjected to sediment removal (scour), sediment addition (fill)
or remained undisturbed (stable) using methods described in detail in Olsen et al. (2007) and
Effenberger et al. (2008). To create scour patches, I removed the top lOcm of bed substratum
from an area of about 75 x 75cm using a shovel and a pick axe. Conversely, fill patches were
created by dumping clean river substratum onto the plot, adding a layer of about 1Ocm of new
substratum to an area of 75

x

75cm. This substratum, taken from the floodplain adjoining the

study site, was similar in size composition to that of the study reach. It was rinsed thoroughly,
using a water pump, to remove terrestrial invertebrates and organic debris before being added
to the fill patches. While working on each disturbed patch, two large kick nets (frame 62

x

44cm; mesh size 250Jllll) were set up side by side directly downstream of the plot to keep
drifting invertebrates from influencing plots further downstream. This experimental
disturbance simulates important aspects of a natural flood, such as local rearrangement of
substrata and efficient removal of invertebrates (Effenberger et al. 2008). The disturbance also
removed all fish from the experimental plots, but mainly due to avoidance rather than to direct
mortality because I did not see any dead fish.
Tile substrata for scour and fill patches were clean and first exposed in the river
together with the PVC frames on day 1. By contrast, tiles for the stable plots were deployed
randomly across a 10

x

1Om area 20m downstream of the study reach for three weeks before

the experiment started to allow pre-colonisation by algae and invertebrates. Prior to
deployment, tiles were tied in triplets to lengths ofbuilder's line to facilitate rapid attachment
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to the PVC frames later on. When the fish exclusion fences were set up on day 1, these triplets
ofpre-colonised tiles were transferred from the river into water-filled plastic trays (50

x

40cm)

and tied into PVC frames, which were then installed in the stable plots. This procedure was
performed as gently and as quickly as possible to minimise disturbance to algae and
invertebrates.
Biological sampling

On each sampling date, one randomly selected tile was sampled by holding a hand net (frame
20

x

15cm; mesh size 250 11m) directly downstream, cutting the fishing line and lifting the tile

into the net. Tiles and invertebrates caught in the net were transferred into sealable plastic
bags. Leaf packs were sampled in a similar way but without catching associated invertebrates.
Tiles and leaf packs were stored on ice in the field, frozen in the laboratory on the day of
sampling and stored at -18°C until processing.
Immediately after tile sampling, I measured water depth with a ruler and near-bed
current velocity (4cm above the substratum) using an electromagnetic flow meter (Flo-Mate
2000, Marsh-McBimey Inc., Maryland, USA) in the middle of each plot. To assess the size of
the natural surface substratum within the plot, substratum particle sizes were estimated
visually using a modified Wentworth scale (Wentworth 1922; size classes: 0-8mm, 8-16mm,
16-22mm, 22-32mm, 32-45mm, 45-64mm, 64-90mm, 90-128mm, 128-180mm, etc.). For
each plot, the three dominant particle size classes inside the PVC frame were averaged to gain
a single estimate of substratum size (Effenberger et al. 2006).
Laboratory work

Invertebrates were washed off gently from each tile after thawing, retrieved in a sieve (mesh
size 20011m) and stored in 70% ethanol until further processing. Epilithic algae were then
scrubbed off each tile using a toothbrush with shortened bristles. The algal suspension was
washed into a measuring cylinder and filled up to IOOml. An aliquot of25 to 50ml (depending
on the concentration of the suspension) was filtered onto a glass-fibre filter (GC-50, Toyo
Reshi Kaisha Ltd., Japan). As a measure of algal biomass, chlorophyll a was extracted from
each sample using 90% ethanol and measured using a UV-VIS spectrophotometer (UV mini
1240, Shimadzu, Kyoto, Japan) and following standard procedures (Biggs and Kilroy 2000).
Leaf packs were defrosted and cleansed of loosely attached algae and invertebrates.
Remaining leaf biomass in each pack was measured as ash-free dry mass using standard
methods (APHA 1998) and compared to the averaged ash-free dry mass of ten similar leaf
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packs which had been dried and ashed after initial weighing at the start of the experiment.
Leaf biomass loss was then expressed as percent of initial mass. Benthic invertebrates were
identified to the lowest practical taxonomic level, usually genus or family, using a dissecting
microscope (Olympus SZ51, 8-40x, Japan) and referring to Moore (2003) and Winterbourn et
al. (2006).
Statistical analysis

Algal biomass, leaf biomass loss, total invertebrate density and taxon richness were compared
among patches of different disturbance histories and predation pressures using three-wayANOVAs and three-way-ANCOVAs, with "disturbance" and "fish" as fixed factors and
transect number as a random block factor. The model of the ANOVA with the original 48
experimental units was intercept (degrees of freedom 1) + disturbance (2) + fish (1) +
disturbancexfish (2) +block (7) +error (35; n=48). Due to the flood on day 4 (see above), the
actual sample size decreased slightly with each sampling date (see Table 3.1). Because of
these changes in sample size across sampling dates, I analysed each date separately. Water
depth, current velocity and substratum size were used as covariates in the ANCOVAs (see
below) because these habitat parameters can vary considerably at the spatial scale of my
experimental patches and are well-known to influence the microdistribution of benthic
organisms. After exploratory analysis, data were loglO-transformed where necessary to
improve normality and homoscedasticity.
To assess the effects of my manipulations on benthic invertebrate community
composition, I first performed three-way, multivariate analyses of variance (MANOVA) on
the densities of the 10 most common invertebrate taxa on each sampling date. I then
investigated these effects further by conducting ANOVAs and ANCOVAs on each common
taxon.
The use of ANCOVA in the local disturbance history research conducted by my
working group has been described in detail and justified in Effenberger et al. (2006). The
main points are as follows. To avoid collinearity problems (Quinn and Keough 2002), I
calculated separate ANCOVAs for each covariate. Only covariates that were significantly
correlated with the dependent variable are discussed. In cases where no covariate was
significant, the results of the three-way ANOVA were retained. Wherever a covariate had a
significant effect on the dependant variable, the results of the corresponding ANCOVA
replaced those of the ANOVA. Effects on the dependent variable of local disturbance history,
fish exclusion or interactions were considered valid when they were significant in at least
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50% of all ANCOVAs with significant covariate effects on this variable (Effenberger et al.
2006). If a disturbance history effect was significant, I conducted pairwise post-hoc
comparisons. After ANOVA I used Tukey HSD or Games-Howell tests, the latter in cases of
persisting heteroscedasticity (Quinn and Keough 2002). After ANCOVA, I performed t-tests
on estimated marginal means (adjusted using the Sidak procedure; Day and Quinn, 1989). To
help avoid type 11 errors, I report statistical power for all cases with P-values between 0.05
and 0.10 (Toft and Shea 1983).
RESULTS

All effects of fish presence/absence, disturbance history and their interactions presented in the
following text were significant (P<0.050) unless stated otherwise. Table 3.2 gives an
overview of the frequencies of significant effects of disturbance, fish exclusion and their
interaction on algal biomass, leaf decomposition and the invertebrate community. Overall,
disturbance effects on the biological response parameters were considerably more common
than fish exclusion effects or interactive effects. The response patterns of the affected
biological parameters will be described on the following pages. Significant effects of the
covariates water depth, current velocity and substrate size that eo-occurred with one or more
significant factor effects on the dependant variables in the ANCOVAs are shown for
community and ecosystem parameters in Table 3.3 and for individual taxa in Table 3.5.
Covariate effects without associated factor effects are listed in Table 3.6 but not discussed
further because they are not relevant to my research objectives.
Table 3.2 Summary of the frequencies of significant effects of disturbance, fish exclusion and their
interaction term on the benthic community expressed as percentages of total analysed cases. The total

number of analysed cases [number of response variables x number of occasions] is given in brackets
for each percentage.
Algal biomass
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Leaf decomposition

Invertebrate community

Disturbance

83%[6]

50%[2]

50%[78]

Fish exclusion

33%[6]

0%[~]

10%[78]

Dist. x Fish

33%[6]

0%[2]

8%[78]

Leaf decomposition rates and algal biomass accrual
Leafbiomass loss during the first 23 days of the experiment was higher in scour than in stable
patches but similar between fish exclusion treatments (Figure 3.2; Table 3.3). By contrast, leaf
mass loss across the entire 58-day experiment was similar across disturbance treatments but
faster in the presence of fish (P=0.06, power=0.49).
Algal biomass accrual (measured as chlorophyll a) was lower in the presence of fish
on days 10 and 23 (Figure 3.2; Table 3.3). On days 10 and 58, effects of disturbance and fish
on algal biomass interacted. On day 10, algal biomass was reduced when fish were present in
stable but not in disturbed patches (Figure 3.2). On day 58, fish presence again coincided with
reduced algal biomass in stable patches, whereas the opposite pattern occurred in scour and
fill patches. Disturbance history influenced algal biomass on all but one sampling date (day
44). Stable patches contained more algae than either scour or fill patches up to 30 days after
disturbance, and more algae than scour patches on day 58. Algal biomass was also higher in
fill than in scour patches on day 23.
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Figure 3.2 Leaf biomass loss, algal biomass, total invertebrate density and taxon richness in fish

access/exclusion and disturbance history treatments on the six sampling dates. Error bars indicate
standard errors. Numbers above cut-off error bars indicate the actual values of these errors. Significant
differences among treatments are shown by asterisks (*P < 0.05; ** P < 0.01; *** P < 0.001; Fish=
Fish access/exclusion; Dist. = disturbance history; Int. = interaction between fish exclusion and
disturbance history). Table 3.3 provides exact P-values. Some of the significant effects were detected
between adjusted means in the AN COVAs; therefore the statistical rankings may differ from the
apparent patterns.
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Table 3.3 Summary of treatment effects on leaf mass loss, algal biomass, total invertebrate density
and taxon richness as determined by separate ANOVAs and ANCO VAs on each sampling date. Only
results with P

~

0.05 are presented, plus rankings of treatments as determined by post-hoc tests. F

=

fish access; E = fish exclusion; Sco = scour; Sta = stable; Fi = fill.
Variable
Fish
p
Date
Leaf mass loss
Day23
0.057
Day 58
Algal Biomass
Day 10
0.007
Day 10
Day 16
Day23
0.038
Day 30
Day30
Day44
Day44
Day44
Day44
Day 58
Total invertebrates
Day 10
Day 16
Day 23
Day23
Day 23
Day30
0.03
Day 30
Day44
Taxon richness
Day 10
Day 16
Day 16
Day23
Day 58
0.03

Ranking

Disturbance
p
Ranking
0.025

Sta < Sco

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.026
0.001

Fi < Sco < Sta
(Sco = Fi) < Sta
(Sco = Fi) < Sta
Sco < Fi < Sta
(Sco = Fi) < Sta
Sco < Fi < Sta
Sco < Fi
Sco < (Sta = Fi)

0.002

Sco < (Sta = Fi)

0.01
<0.001
<0.001
<0.001

Sco < Sta
Sco < (Sta = Fi)
Sco < (Sta = Fi)
Sco < (Sta = Fi)

0.01
<0.001
0.01

Sco < (Sta = Fi)
Sco < (Sta = Fi)
Sco < (Sta = Fi)

0.03
<0.001
<0.001
0.003

Sco < Sta
Sco < (Sta = Fi)
Sco < (Sta = Fi)
Sco < (Sta = Fi)

Interaction

p

Covariate
(Correlation)

p

E<F

F<E
F<E

F<E

<0.001

Flow velocity(+)

0.044

Water depth (+)

0.013

Water depth(+)
Flow velocity(+)
Substratum(+)

0.007
0.006
0.03

Water depth(-)
Substratum (+)

0.04
0.02

Water depth (+)

<0.001

Water depth (+)

0.01

0.03

0.03

F<E
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Invertebrates

The fauna on the tiles was dominated by larval Chironomidae (30.8% of total invertebrates
present in all samples), the grazing snail Potamopyrgus antipodarum (25.2%) and larvae of
the filter-feeding black fly Austrosimulium spp. (12.2%). Larvae of the mayfly grazers
Deleatidium spp. and Zephlebia spp. were combined into the taxon Leptophlebiidae because it
was impossible to identify small individuals reliably (Deleatidium spp. contributed 96.6% and
Zephlebia spp. 3.4% of individuals larger than 6mm, which could be identified).
Leptophlebiidae contributed 11.2% to total invertebrate density. Abundant caddisfly larvae
were omnivorous Aoteapsyche spp. (2.8%) and predatory Hydrobiosidae (1.4%) and the two
case-bearing grazers Pycnocentrodes spp. (10.6%) and Olinga spp. (0.5%). Further common
taxa were the predatory dipteran larva Aphrophila spp. (0.9%) and imagines of grazing
Elmidae beetles (1.1%). These 10 taxa contributed 96.7% to total invertebrate density and
were analysed individually.
Total invertebrate density was lower in the presence of fish on day 30 (Figure 3.2;
Table 3.3). On day 16, the effects of disturbance and fish predation on invertebrate density
interacted. In scour patches and especially in stable patches, density was lower when fish
were present, while the opposite pattern was found in fill patches (Figure 3.2). Disturbance
and fish effects also interacted on days 10 and 23, with fish reducing invertebrate densities
more in stable than in disturbed patches on day 10 (P=0.095, power=0.47), and more in stable
and fill than in scour patches on day 23 (P=0.09, power=0.48). Disturbance history affected
total invertebrate density on five of the six sampling dates. Densities were lower in scour than
in stable patches on day 10. On days 16, 23, 30 and 44, fewer invertebrates were present in
scour patches than in stable or fill patches.
Invertebrate taxon richness was lower in the presence of fish on day 58 (Figure 3.2;
Table 3.3) and was influenced by disturbance history on the first three sampling dates, with
higher values in stable than in scour patches on day 10, and in stable and fill patches than in
scour patches on days 16 and 23.
Multivariate analysis of variance showed that invertebrate community composition
was affected by fish exclusion, although not quite significantly, on days 10 (P=0.099,
power=0.68), 30 (P=0.06, power=0.74) and 58 (P=0.06, power=0.66) (Table 3.4).
Disturbance influenced community composition on all six dates (day 30: P=0.09, power=0.84)
except for day 44, and the effects of fish presence and disturbance interacted on day 30
(P=0.06, power=0.87),
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Analysed individually, seven of the 10 common invertebrate taxa were affected by.fish
exclusion on at least one sampling date. Pycnocentrodes was less abundant in the presence of
fi~h

on days 10, 16 and 58 (Figure 3.3; Table 3.5) and also showed higher densities in scour

and stable patches than in fill patches on days 16 and 58.
Fish presence reduced densities of Olinga on days 16 and 58 (Figure 3.3; Table 3.5).
Further, disturbance and fish effects on Olinga interacted twice. On day 16, fish effects
appeared to be stronger in stable and fill patches than in scour patches; on day 58, fish effects
seemed weaker in stable than in scour or fill patches. However, in both cases Olinga densities
were zero in both fish exclusion treatments in the disturbance history category displaying the
weakest fish effect (see Figure 3.3). Therefore, it would have been impossible to detect a fish
effect and these two interactions are artifactual. Olinga were more abundant in stable than in
scour patches on day 16, in scour than in fill patches on day 30, and in fill than in scour or
stable patches on day 58.
Table 3.4 Summary of treatment effects on invertebrate community composition determined by
MANOVAs that included the densities of the ten most common invertebrate taxa on each sampling
date. Only results with P < 0.10 are presented, significant results are presented in bold. P-values are
based on statistics of Pillai' s trace tests.
Variable
Date

Day 10
Day 16
Day 23
Day 30
Day44
Day 58

Fish
p

0.099

Disturbance
p

Interaction

p

0.01
<0.001
0.02

0.06

0.09

0.06

0.01

0.06

Overall, densities of Hydrobiosidae were higher in the absence of fish on day 10
(P=0.09, power=0.39; Figure 3.3). However, on this day the effects of disturbance history and
fish exclusion interacted (Table 3.5); in scour and stable patches, densities were higher in the
absence of fish, whereas in fill patches densities were higher when fish were present (Figure
3.3). Hydrobiosidae were also more common in fill than in scour patches on day 23, and in fill
than in stable patches on day 44.
Densities of P. antipodarum were lower in the presence of fish on day 30 (P=0.06,
power=0.48; Figure 3.3). Further, P. antipodarum was more abundant in stable patches than
in scour or fill patches on day 23 (Table 3.5), and more abundant in stable than in scour
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patches on days 30 and 44 (P=0.09, power=0.49 on day 44). On day 23, the effects of
disturbance and fish on P. antipodarum densities interacted, with stronger negative effects of
fish presence in stable patches than in disturbed ones (see Figure 3.3).
Fish presence reduced densities of Chironomidae on day 10 (Figure 3.3; Table 3.5).
On the same date, more chironomids were found in stable than in disturbed patches. On days
16 and 23, chironomids were less abundant in scour than in stable and fill patches.
Disturbance and fish effects on Leptophlebiidae interacted on day 23 (Figure 3.4;
Table 3.5); densities in scour patches were higher in the presence of fish, whereas the opposite
pattern occurred in fill patches (ANCOVA-results for adjusted means). Leptophlebiidae were
more common in stable patches than in disturbed patches on day 16. Densities were also
lower in scour than in stable patches on days 10 and 44 (P=0.08, power=0.49 in both cases),
and in scour than in fill patches on day 30 (P=0.07, power=0.53).
Elmidae beetles were absent from experimental tiles on days 10 and 16 (Figure 3.4),
and less abundant in the presence of fish on day 30 (P=0.09, power=0.39). Elmid densities
were always similar across disturbance history treatments.
The remaining three common invertebrate taxa were unaffected by fish exclusion.
Austrosimulium was more common in fill than in scour patches on days 10, 30 and 58 (Figure
3.4 Table 3.5; P=0.06, power=0.56 for day 58). On day 16, Austrosimulium densities differed

across the disturbance history categories, with highest values in fill patches, intermediate
values in stable, and lowest values in scour patches. More Austrosimulium were also found in
fill and stable patches than in scour patches on day 23 and in fill than in stable patches on day
44. Densities of Aphrophila were lower in scour patches than in stable and fill patches on day
10 (Figure 3.4; Table 3.5), in stable than in fill patches on day 16, and in scour than in fill
patches on days 23 and 44 (P=0.08, power=0.50 for day 44). On day 58, Aphrophila densities
were higher in fill patches than in scour or st&ble patches. Finally, Aoteapsyche was less
abundant in scour patches than in stable patches on d&y 16 (Figtn·e 3.4; Table 3.5).
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47

Leptophlebiidae
.. 800
E
600
Ill
iii 400
::I

't:l

:?!
't:l

200

t:

16

10
~Scour+

'E
Ill

iii
::I

't:l

·:;:

=st:

200
150

23

fish

30

44

58

30

44

58

44

58

Elmidae

11Scour
o Stable + fish
oStable

100
50

I'll Fill+ fish

•Fill
10

16

23

Austrosimu/ium
.. 2000
E
- 1500
Ill

1000
~
't:l

:?!
't:l

500

t:

10

16

23

30

Aphrophila
..

147

145

120

E
Ill

iii

80

::I

't:l

·:;:

=st:

40

10

16

23

30

Aoteapsyche

'E
Ill

iii

58

44

911

1373

800
600

.g

400

:?!
't:l

200

t:

10

16

23

30

44

58

Days after disturbance

Figure 3.4 Densities of Leptophlebiidae, Elmidae, Austrosimulium, Aphrophila and Aoteapsyche in

fish access/exclusion and disturbance history treatments on the six sampling dates. Symbols,
abbreviations and comments are as in Figure 3.2. Table 3.5 provides exact P-values.
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Table 3.5 Summary of treatment effects for the ten most common invertebrate taxa as determined by
separate ANOVAs and ANCOVAs on each sampling date. Only results with P :::; 0.05 are presented,
plus rankings of treatment effects as determined by post-hoc tests. For symbols and abbreviations see
Table 2.
Variable
Fish
p
Date
Pycnocentrodes
Day 10
0.0498
0.048
Day 16
Day 58
0.048
Day 58
Day 58
0/inga
Day 16
Day 16
Day 16
Day30
Day 58
Day 58

Disturbance
Ranking
F<E
F<E

p

Ranking

0.01
<0.001

Fi < (Sco =Sta)
Fi < Sta < Sco

0.002

Fi < (Sco =Sta)

0.03
0.01

Sco < Sta
Sco < Sta

F<E
F<E
F<E

0.02
<0.001

F<E
F<E

0.048
0.01
<0.001

Fi < Sco
Sta < Sco
(Sco =Sta) < Fi

Hydrobiosidae
Day 10
Day23
Day44

0.02
0.02

Sco <Fi
Sta < Fi

P. antipodarum
Day 23
Day23
Day30

0.02
0.01
0.01

Fi < Sta
(Sco =Fi) < Sta
Sco < Sta

<0.001
0.002
<0.001

(Sco =Fi) < Sta
Sco < (Sta =Fi)
Sco < (Sta =Fi)

0.002
<0.001

(Sco =Fi) < Sta
(Sco =Fi) < Sta

Leptoph lebiidae
Day 16
Day 16
Day23

p

F<E

0.03
0.04
0.02

Chironomidae
Day 10
0.004
Day 16
Day23

Interaction

0.03
0.01
0.01
0.054
<0.001

Covariate
(Correlation)

p

Flow velocity (-)
Substratum(-)

0.01
0.01

Water depth (+)
Substratum(+)
Flow velocity(+)

0.03
0.03
0.01

Flow velocity (+)

0.04

Substratum(+)

0.004

Water depth (+)
Water depth(+)

0.003
0.01

Substratum (+)
Substratum(+)

0.047
0.002

0.02

F<E

0.03

0.01
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Table 3.5 (continued):
Fish
Variable
p
Date
Austrosimulium
Day 10
Day 16
Day23
Day30
Day44
Day44
Day44

Ranking

Aphrophila
Day 10
Day 16
Day 16
Day 23
Day 58
Aoteapsyche
Day 16
Day 16
Day 16

Interaction

Disturbance
p
Ranking

0.02
<0.001
<0.001
0.005
0.04

p

Covariate
(Correlation)

p

Sco < Fi
Sco < Sta < Fi
Sco < (Sta =Fi)
Sco < Fi
Sco < Fi

0.02

Sta < Fi

0.01
0.001
<0.001
0.01
0.004

Sco < (Sta =Fi)
Sco < Fi
Sta < Fi
Sco < Fi
(Sco =Sta) < Fi

0.04
0.01

(Sco =Fi) < Sta
Sco < Sta

Flow velocity (+)
Substratum(+)

0.01
0.045

Substratum(+)

0.04

Water depth(+)
Substratum (+)

0.01
0.048

Table 3.6 Summary of significant effects (P < 0.05) of the covariates water depth, current velocity

and sediment particle size where there were no associated effects of the manipulated factors on
invertebrate response parameters in the ANCOVAs.
Variable
Taxon richness
Hydrobiosidae
P. antipodarum

Chironomidae
Elmidae

Austrosimulium
Aoteapsyche
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Date

Day44
Day 58
Day 58
Day 58
Day23
Day30
Day44
Day 58
Day 58
Day44

Covariate (correlation)
Flow velocity(+)
Flow velocity (+)
Water depth(+)
Flow velocity(+)
Water depth(-)
Water depth(-)
Water depth (-)
Water depth(+)
Flow velocity(+)

Flow velocity (+)

p
0.02
0.01
0.04
0.03
0.03
0.008
0.003
0.04
0.01
0.03

DISCUSSION

Effects of predatory fish and disturbance history compared

To my knowledge, the present 58-day experiment is the first to investigate the interplay
between local disturbance history and fish predation in a frequently disturbed river. With an
average interval of 26 days between discharge disturbances, my experiment encompasses
recovery both during the average interval and the longer intervals between some consecutive
events. Exclusion of predatory fish influenced invertebrate community parameters
significantly in only two of 18 analysed cases (total invertebrate density, taxon richness and
multivariate community composition on six sampling dates each). Fish presence reduced
invertebrate density and taxon richness on one occasion each. Algal biomass was affected by
fish presence on two of the six dates and leaf decomposition rates on one of the two leaf
collection dates. By contrast, local disturbance history influenced both community and
ecosystem parameters far more often (in 12 of 18 analysed cases for the invertebrate
community, on five of six dates for algal biomass and one of two dates for leaf decay). The
relative scarcity of significant effects of predatory fish indicates that the benthic community
of my study river may be shaped by its frequently disturbed environment. It seems that in
comparison to abiotic disturbance, fish predation plays a minor role in determining the smallscale distribution of benthic organisms. These findings support the prediction of Poff and
Ward (1989) and Townsend (1989) that biotic interactions should be relatively less important
in more disturbed streams, rather than that of Chesson and Huntly (1997) that the role of
biotic interactions should be just as important in disturbed as in undisturbed environments.
It is worth noting that my experimental disturbance probably had an unrealistically
small direct impact on fish because they could easily avoid damage by the bed manipulations.
One might expect even fewer effects of fish predation after natural bed-moving floods, which
usually reduce fish densities significantly (Poff and Allan 1995, Mclntosh 2000). On the other
hand, the frequency of fish effects on their invertebrate prey may have been underestimated in
my experiment because chemical cues from predatory fish (fish odour) were still present in
the water flowing over the fish exclusion patches (as fish were not excluded from the entire
study reach). Consequently, non-consumptive effects of fish presence on invertebrate prey
(e.g. behavioural changes, such as reduced grazing activity and increased drift rates; see e.g.
Mclntosh and Townsend 1996, Diehl et al. 2000) may have occurred in both fish treatments.
Because increased invertebrate drift rates can translate to lower benthic densities (see Flecker
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1992), the presence of chemical fish cues in both fish treatments may have reduced my ability
to detect differences in invertebrate densities between treatments (see also Discussions in
Chapters 4, 5, and 6). These two counteracting biases of my experiment might have cancelled
each other out, but I cannot be sure about this. Future experiments may be able to improve on
these two limitations in the realism of my study, although the logistical challenges involved
will be considerable.
Interactive effects of local disturbance history and fish predation

Interactions between the effects of disturbance history and fish predation occurred in four
cases for invertebrate response parameters (excluding the two artefacts for the caddis Olinga,
see Results), and on two of the six sampling dates for algal biomass. In four ofthese six cases
(total invertebrate density on day 16, algal biomass and Hydrobiosidae on day 10, P.
antipodarum on day 23), fish presence strongly reduced the dependent variable in stable

patches, whereas the influence of fish presence was weaker or absent in scour and fill patches.
This outcome also supports the predictions of Townsend (1989) and Poff and Ward (1989)
that the importance of biotic interactions should decrease under disturbed conditions. It is
worth noting that these stronger effects of predatory fish in stable patches were found on the
first three sampling dates, a period when negative effects of disturbance might be expected to
be most profound. Nevertheless, the existence of two less straightforward interactions
between disturbance history and fish presence (for Leptophlebiidae on day 23 and algal
biomass on day 58) indicates that additional factors may influence the interplay between
abiotic disturbance and predation, as suggested by Thomson et al. (2002).
Effects of predatory fish on algal biomass and leaf decomposition

The effects of predatory fish on algal biomass on days 10 and 23 were not consistent with a
trophic cascade through reduced invertebrate grazing, contrary to findings of previous studies
of brown trout in New Zealand and elsewhere (e.g. Flecker and Townsend 1994, Diehl et al.
2000). On the contrary, algal biomass was lower in the presence of fish, possibly due to
bioturbation of surface stones by foraging benthic fish such as the abundant upland bullies.
The drift-feeding mode of brown trout is less likely to cause bioturbation.
In contrast to my results for algal biomass, leaf decomposition tended to be faster
when fish were present (P=0.06, power=0.49). It is possible that bioturbation by fish led to
increased physical abrasion of mahoe leaves. On the other hand, perhaps the lower
invertebrate densities where fish were present facilitated microbial leaf decay via reduced
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consumption of fungal and bacterial biofilms. Note that invertebrate shredders are usually
unimportant for leaf decay in New Zealand streams (Winterboum et al. 1981).
Comparison to related studies in running waters

In running waters, I am aware of only two other studies that investigated the interplay
between disturbance and predation in frequently disturbed systems. Thomson et al. (2002)
examined the interaction between the effects of a predatory stonefly larva and hydrological
disturbance (increased flow without bed movement) in artificial 2m channels deployed for
seven days in a flood-prone Australian stream. The authors found a stronger effect of the
stoneflies on their prey (grazing mayflies) under variable flow conditions (two one-day
periods of high flow) than at stable low flow. This result contrasts with the main findings of
the present experiment. However, Thomson et al. (2002) concluded that the increased
predator impact in variable-flow channels was at least partly caused by increased mayfly drift,
resulting in high prey emigration from variable-flow channels in the presence of predators,
rather than by direct prey consumption by predators. Moreover, their flow manipulation did
not cause bed movement, recognized to be a particularly important criterion of whether or not
a high-flow event represents a disturbance to the benthos (Poff 1992). Thus, the disturbance in
Thomson et al.'s (2002) experiment was clearly less severe than mine.
In the other related study, Pringle and Hamazaki (1997) found that omnivorous fish
had a strong impact on algal biomass, community structure and resistance to flood disturbance
in a tropical rainforest stream during a 7-week period that included two large floods. Again,
their results appear to contrast with the main findings of my experiment. However, even large
floods caused only relatively minor bed movements in this tropical stream (suspended silt,
detritus, small stones and cobbles scoured the stable bed surface consisting of larger particles;
see Pringle and Hamazaki 1997 p. 2436), presumably due to the low sediment supply from its
densely forested catchment (Dietrich et al. 1989, Matthaei et al. 1999).
It can be argued that predation remained an important factor structuring the benthic
communities studied by Thomson et al. (2002) and Pringle and Hamazaki (1997) because,
while the two investigated streams were flood-prone and natural disturbances were frequent,
these were relatively benign in terms of bed movement. In my study of a third flood-prone
stream, fish predation lost importance because flow-induced disturbances to the bed are
profound. This interpretation of the respective findings of the three studies is again consistent
with the predictions ofPoffand Ward (1989) and Townsend (1989).
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The role of disturbance history in stream benthic dynamics

Effects of local disturbance history on benthic invertebrates and algae in running waters have
been investigated in detail in several previous papers (Matthaei and Townsend 2000, Matthaei
et al. 2003, Effenberger et al. 2006, 2008). The results of the current experiment have
provided further evidence for the important role of patch disturbance history in causing
heterogeneity in benthic distributions. Most of the negative effects, with highest densities in
stable patches, were observed in the earlier phase of the experiment, as I had expected. Algal
biomass was also affected by disturbance history on five of six sampling dates, as reported
previously (Effenberger et al. 2006, 2008).
The effect of local disturbance history on leaf decay rates has been investigated for the
first time in the present study. Mahoe leaf biomass loss during the first 23 days of the
experiment was higher in scour patches than in stable patches. By contrast, leaf decay rates
across the entire 58-day experiment were similar across disturbance treatments. Physical
abrasion in fast-flowing water is unlikely to be responsible for the faster decay in scour
patches because these 'hollows' in the stream bed tend to have deeper water and slower
current velocities than stable and, especially, fill patches (Effenberger et al. 2008, and present
study). However, the observed patterns of leaf decay could be a consequence of increased
densities in scour patches during the first 23 days after disturbance of bacteria and fungi, the
main contributors to leaf decay in most New Zealand streams (Winterbourn et al. 1981). This
possibility deserves further research.
For further discussion of the results of this experiment, particularly in relation to my
other two main experiments (Chapters 4 and 5), see Chapter 6.
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Chapter Four

Biotic interactions after experimental disturbance: a successional
study in a stream benthic community
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SUMMARY

There is controversy among ecologists over whether increased levels of physical disturbance
alter the strength of biotic interactions such as predation and competition in running waters.
Whether predation affects the intensity of competitive interactions is similarly contested. In a
43-day experiment I investigated the interactive effects of patchy physical disturbance,
invertebrate competition and fish predation on benthic algae and invertebrates and leaf
decomposition in a 30-m reach of a flood-prone river. Three disturbance treatments were
crossed with two fish predation treatments and two competition treatments in a full factorial
design. Four replicates of each treatment combination were applied to a total of 48 stream bed
2
patches (size about 0.5 m each). Bed movements during a mid-sized flood were simulated by

removing substratum from scour patches, depositing substratum in fill patches, and leaving
stable patches unchanged. Exclusion of fish (mainly insectivorous bullies and trout) from the
2
experimental patches was accomplished with electrified fences (0.25m PVC-frames lined

with copper wire powered by fence chargers). Competition treatments consisted of twiceweekly removals or no removal of Potamopyrgus antipodarum from half the patches. This
snail is a numerically dominant species in the studied river and known to displace other
invertebrates in New Zealand streams when it occurs at high densities. The disturbance was
performed once at the beginning of the experiment, while fish exclusion was continuous.
Benthic algae and invertebrates were sampled 1, 8, 22, 29 and 43 days after disturbance, and
leaf decay rates were determined from day 1 to day 29. Local bed disturbance had many more
direct effects on the benthic community than fish exclusion or competitor removal. The
presence of fish predators affected the community more strongly in stable patches than in
scour or fill patches. The frequency of disturbance effects was highest directly after
disturbance and decreased with time, while all direct effects of fish exclusion or competitor
removal occurred on the last sampling date. Both biotic manipulations interacted with
disturbance and/or with each other in several cases. The shapes of two-way and three-way
interactions among the experimental factors did not conform to theoretical predictions that the
impact of each factor should be greatest where other factors exerted the least control on the
community, or that disturbance and predation should override effects of competition. Taken
together, these findings indicate a complex interplay between disturbance and biotic
interactions in the benthic community of this flood-prone stream. Overall, however, physical
disturbance appears to be the factor of prime importance in shaping the community.

56

INTRODUCTION

The patchy distribution of living organisms in space and time is a prominent feature of natural
ecosystems and the identification of factors that drive these "patch dynamics" is a central
concern of ecology in general (Pickett and White 1985) and stream ecology in particular
(Pringle et al. 1988, Townsend 1989). Factors influencing the heterogeneous distribution of
organisms in running waters include physicochemical habitat parameters such as temperature
(Elliott and Hurley 2001, Acufia et al. 2008), pH (Buffam et al. 2008) and nutrients (Wagner
et al. 2008), together with biotic interactions such as competition (e.g. Kohl er and Wiley
1997), grazing (Power 1992), predation (Englund and Evander 1999, Diehl et al. 2000) and
parasitism (Kohler and Wiley 1997). Moreover, disturbance (e.g. hurricanes, fires, floods and
droughts) has been recognised as an important factor regulating communities in almost all
ecosystems (Connell1978, Huston 1979, Pickett and White 1985, White and Jentsch 2001).
In running waters, floods are regarded as the most pervasive type of disturbance and as
a dominant factor shaping communities (Resh et al. 1988, Townsend 1989, Poff & Ward 1989,
Death 2008) because the majority of streams and rivers are frequently and sometimes severely
affected by floods (Poff and Ward 1989, Poff 1996). Recent studies of flood-related bed
2
movements revealed that floods often result in a complex mosaic of small (~ 1 m ) patches of

stream bed that have experienced scour, substratum deposition (fill) or remained stable
(Matthaei et al. 1999, 2003, Effenberger et al. 2006, 2008). This "local disturbance history"
can affect the small-scale distributions of benthic invertebrates and algae both directly (via
losses from disturbed patches and refugia in stable patches) and indirectly (via disturbance
effects on local habitat parameters; Effenberger et al. 2008). Such effects can persist for more
than two months after disturbance (Matthaei and Townsend 2000, Matthaei et al. 2003,
Effenberger et al. 2006, 2008).
Biotic interactions have been shown to be important determinants of communities in
the minority of streams that flood rarely, such as lake outlets (e.g. McAuliffe 1984) and small
streams in low-gradient catchments (e.g. Kohler & Wiley 1997). However, Townsend (1989)
and Poff and Ward (1989) argued that the importance of biotic interactions should decrease
with increasing frequency and severity of disturbance so that biotic interactions should play a
minor role in most running water ecosystems. Their predictions were based on the
assumptions that the strength of biotic interactions decreases with decreasing population
densities, and that there are trade-offs between traits that convey competitive ability as
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opposed to resistance against disturbance (Huston 1979, Menge and Sutherland 1987). More
recently, however, Chesson and Huntly (1997) argued in a theoretical paper that biotic
interactions may play an important role even in frequently disturbed ecosystems because a
relatively minor stress caused by biotic interactions could be enough to "push over the edge" a
species already weakened by abiotic disturbance. This interesting alternative hypothesis
deserves to be tested in empirical research.
Empirical evidence testing the predictions discussed in the previous paragraph
regarding the interplay between flood disturbance and biotic interactions in running waters is
still quite limited, especially in frequently disturbed streams. Only three field experiments
have investigated this interplay (Pringle and Hamazaki 1997, Thomson et al. 2002, Chapter 3).
Moreover, only one of these studies involved actual bed movement, one of the main criteria
whether a flood represents a disturbance for the benthic community (see Poff 1992) as part of
the experimental disturbance (Chapter 3). Furthermore, communities are likely to be shaped
by a number of interacting physical and biotic factors (Menge and Sutherland 1987).
Nevertheless, theoretical as well as empirical studies investigating the interplay between more
than two factors are scarce. The only study I could find is the experiment by Kneitel and
Chase (2004) who investigated the effects of disturbance, predation and resource supply on
the protozoan communities of water-filled tree-holes. To my knowledge, no study has
addressed the interplay of local disturbance history and more than one biotic factor on benthic
communities in running waters. Clearly, further research is needed to determine how biotic
and abiotic factors interact under field conditions in frequently disturbed environments.
The current experiment was conducted in a single reach of a flood-prone New Zealand
river. I investigated the individual and combined effects of local disturbance history, fish
predation and removal of a dominant invertebrate competitor on benthic macroinvertebrates,
algae and leaf decay during a six-week period after an experimental disturbance. The
disturbance was designed to simulate local disturbance history patterns caused by a mediumsized flood, predatory fish were continuously excluded using electric exclusion devices
(Chapter 3, Pringle and Hamazaki 1997), and an abundant snail grazer known to displace
other invertebrates when it occurs at high densities (Winterbourn and Fegley 1989, Biggs and
Lowe 1994) was removed twice a week from the sampling substrates in half the plots.
I tested seven hypotheses. The first two concerned the overall importance of physical
disturbance versus biotic interactions for community organisation and were based on the
predictions of Townsend (1989) and Poff and Ward (l989): (1) Physical
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disturbanc~

should

affect invertebrate distributions and algal biomass accrual more often/strongly than fish
predation or removal of a dominant invertebrate competitor due to the frequently disturbed
nature of my study stream, and (2) the impact of predation and competitor removal on the
benthic community should be stronger in stable patches than in (more recently disturbed)
scour or fill patches.
My next two hypotheses were related to temporal changes in the relative importance of
disturbance and biotic interactions for community organisation during the six-week study: (3)
The impact of physical disturbance should be strongest directly after the disturbance and
diminish with time towards the end of the experiment, while the importance of fish predation
and competitor removal should increase with time since the disturbance. (4) The importance
of interactions between physical disturbance and biotic interactions should increase with time
during the first weeks post-disturbance as biotic interactions become established while
disturbance effects are still present, but diminish during the final weeks of the experiment as
the influence of physical disturbance grows weaker.
Hypotheses 5 and 6 concerned the shape of the three two:..way interactions and the
three-way interaction between predation, competition and disturbance and were based on
predictions made by Kneitel and Chase (2004) and Menge and Sutherland (1987): (5) The
impact of each factor should be greatest where the respective other factor (or factors) was
exerting the least control on the community. In particular, (6) the effect of competitor removal
should be greatest in stable patches with fish excluded because physical disturbance and
predation are likely to override the effects of competition (Menge and Sutherland 1987).
Finally (Hypothesis 7), I predicted that the presence of predatory fish should reduce
density and/or activity (reduced grazing) of their invertebrate prey, possibly resulting in a
trophic cascade and an increase in algal biomass accrual and leaf decomposition rates (see
Townsend 2003).
MATERIALS AND METHODS

Study site
The experiment was conducted from January to March 2006 in a reach (about 30m long and
10-12m wide) of the Kauru River, a 3rd order stream in the Otago province ofNew Zealand
(170°44.6' East, 45°6.5' South, 98m a.s.l). In this reach, 13.8 flood disturbances occur in an
average year, with a mean interval between events of 26 days and a maximum of 107 days. A
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detailed description of the flood disturbance regime, the fish and invertebrate fauna plus other
abiotic and biotic features of the study reach is provided in Chapters 2 and 3.

Experimental design
I manipulated local disturbance history, fish predation pressure and snail grazing in 48
experimental plots using twelve treatment combinations (three disturbance categories
fish predation pressures

x

x

two

two snail grazing pressures). Four replicates of these treatment

combinations were arranged in a randomised block design (Hurlbert 1984), resulting in 16
replicates for each disturbance treatment and 24 replicates for each predation and grazing
treatment. Eight transects, each of which contained six plots (size 75

x

75cm), were arranged

in four blocks in the reach. The distance between blocks was about 5m with 3m between the
two transects within each block, and about lm laterally between plots. Previous research in
the Kye Burn, a similarly-sized river with similar catchment properties located about 35km
from the Kauru River, has shown that natural floods create disturbance history patterns at this
spatial scale (:::::; lm between patches of different disturbance histories; Matthaei et al. 1999).
The twelve treatment combinations were distributed randomly among the twelve plots in each
block. Each plot contained six unglazed terracotta tiles (10 x 10 x lcm; each with a total
surface area of 240cm2 ) that served as artificial substrates for six sampling occasions (Table
4.1 ). Tile length and width was equivalent to the mean b-diameter of natural surface stones at
the study reach (10.3±5.8cm; see site description in Chapter 3), and invertebrate community
composition on tiles of this size and material has been shown in previous disturbance history
research to be similar to community composition on natural surface stones (Effenberger et al.
2008).
The experimental disturbance was performed on 29 January 2006 (day 0). The fish
exclusion devices were set up the following day and remained active throughout the entire
experimental period. Snails were removed from the top surfaces of the tiles inside all snail
removal patches twice a week (days 2, 5, 9, 12, 19, 23, 26, 30, 33, 37, 40, 44, 47, 51, and 54).
Biological samples were taken 1, 8, 22, 29, 43 and 57 days after the disturbance. On each date,
one tile per plot was selected randomly for sampling. Each plot also contained two leaf packs,
which were sampled on day 29 to assess leaf decomposition rates.

A brief flash flood (peak flow 25.3m3 /s; duration less than 12 hours) occurred 13 days
after the experimental disturbance, illustrating the flashy flow regime of the Kauru River. This
flood dislodged five of the 48 PVC frames, tore individual tiles out of others (in total 49 of
288 tiles, or 17%), and caused minor bed movements in 21 experimental plots. Nevertheless, I

60

retained my original disturbance treatments in the data analysis, because (i) the magnitude of
the experimental bed changes in each plot (see below) was generally greater than the changes
caused by the flash flood, and (ii) neither invertebrate densities nor algal biomass on the
experimental tiles were reduced by the flood (compare values on days 8 and 22 in figures 4.14.5). Because several tiles were lost during the flood, the number of sampled tiles per
experimental treatment had to be reduced with each collection date from day 22 onwards
(Table 4.1). Nevertheless, 9-16 replicates per disturbance treatment, 17-19 replicates per
predation treatment and 16-20 replicates per snail removal treatment remained until day 43.
The samples taken on the final date (day 57) were strongly unbalanced (see Table 4.1), so this
date was dropped from the analysis. After the flash flood, river discharge remained stable (at
annual mean flow or less) until the end of the experiment and no further bed changes were
observed in the experimental plots.
Table 4.1 Total number of experimental units and numb.ers of tile and leaf pack replicates in the
disturbance history (scour, stable, fill), fish access/exclusion and snail presence/removal treatments on
the six sampling dates. Numbers declined with time due to a flash flood that occurred on day 13 9f the
experiment and affected some of the experimental units.
Tiles
Day 1

Leaf packs
DayS

Day22 Day 29 Day43 Day 57

Total experimental units

48

48

41

39

36

27

27

Scour

16
16
16

16
16
16

16
15
10

16
13
10

16
11
9

15
7
5

11
7
9

24
24

24
24

19
22

19
20

17
19

13
14

13
14

24
24

24
24

21
20

20
19

20
16

14
13

17
10

Stable
Fill
Fish presence
Fish exclusion
Snails present
Snail removal

Experimental disturbance
The 48 experimental plots were used to simulate bed movement patterns during a mediumsized flood in the Kauru River. The magnitude of my bed manipulations was based on the
local bed movement patterns observed during six natural floods in the Kye Bum (see Matthaei
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et al. 1999). Sixteen plots each were subjected to sediment removal (scour), sediment addition
(fill) or remained undisturbed (stable).
To create scour patches, I removed the top 10cm of bed substratum from an area of
about 75 x 75cm using a shovel and a pick axe. Conversely, fill patches were created by
dumping clean river substrate onto the plot, adding a layer of about 1Ocm of new sediment to
75cm. This substrate, taken from the floodplain adjoining the study site, was
similar in size composition to that of the study reach. It was rinsed thoroughly, using a water
pump, to remove terrestrial invertebrates and organic debris before being added to the fill

an area of 75

x

patches (Olsen et al. 2007). While working on each scour or fill patch, two large nets (frame
62 x 44cm; mesh size 250f.Lm) were set up side by side directly downstream of the plot to
keep drifting invertebrates from influencing experimental plots further downstream (Matthaei
et al. 1996).
Tile substrata for scour and fill patches were clean and first exposed in the river on day
1 of the experiment. To allow pre-colonisation of tiles in stable patches by algae and benthic
invertebrates, I installed the PVC frames including tile substrata in all stable patches in the
study reach 13 days before the experimental disturbance.
Fish exclusion
I adapted the electric exclusion method of Pringle and Hamazaki ( 1997) for use in the Kauru

River. My version ofthe exclusion fences consisted of square frames ofPVC tube (50 x 50cm;
tube diameter 22mm) fixed in the centre of each experimental plot by 30cm, steel tent pegs.
The PVC frames held in place the electrodes used for deterring fish and also the terracotta
tiles and leaf packs used as sampling substrates. Leaf packs, consisting of 1Og (fresh weight)
of leaves of mahoe (Melicytus ramiflorus), a common native shrub that also occurs in the
catchment of the Kauru River, were used as a decomposition bioassay for comparisons
between experimental treatments. The three electrified exclosures in each transect were
connected in parallel to an electric fence charger (Gallagher B160, Gallagher, Hamilton, New
Zealand; powered by a 12V truck battery). The 'fish access' (control) plots contained PVC
frames without electrodes. A more detailed description of the experimental setup is given in
Chapter 3.
Two field tests conducted in the study reach confirmed that these electric exclosures
deterred fish effectively from entering the experimental plots without increasing benthic
invertebrate drift relCJ,tive to non-electrified controls (see Chapter 2).
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Snail removal

I manipulated the densities of the snail Potamopyrgus antipodarum, one of the two
numerically dominant invertebrate taxa on surface substrata in my first reach-scale
experiment (see Chapter 3). Despite its small size (4-6mm), this snail is known to
significantly reduce benthic algal biomass, modify algal assemblages, and displace other
macroinvertebrates in New Zealand streams where densities exceed about 1500 individuals
per m2 (Winterboum & Fegley 1989, Biggs & Lowe 1994, Holomuzki & Biggs 2006). This
density threshold is frequently exceeded in the Kauru River (see Figure 3.3 in Chapter 3).
Snails were removed from all tiles inside removal plots twice per week (the shortest
logistically-feasible interval between removals that could be maintained throughout the
experiment). This interval was considerably shorter than in earlier field experiments where
stream invertebrates had been selectively removed at similar spatial scales (Hemphill and
Cooper 1983: 2 weeks; McAuliffe 1984: 1 week). All P. antipodarum seen on the upper
surface of each tile were manually removed in situ using forceps (as in McAuliffe 1984),
placed into a hand net (20

x

15cm; mesh size 200J.!m) held immediately downstream of each

tile and preserved in the field using 70% ethanol. Although care was taken only to remove P.
antipodarum, some non-target invertebrates, mainly Chironomidae (61% of all non-target

invertebrates caught) and Conoesucidae (20%), also entered the drift and were therefore
caught in the net as well. All removed invertebrates were counted and identified to the lowest
practical taxonomic level, usually family or genus, using a stereomicroscope (WILD,
Heerbrugg, Germany) at 6.5- 40x magnification.
Efficiency and selectivity of snail removal

To test the efficiency and selectivity of P. antipodarum removal, I calculated two "removal
ratios". To test efficiency, the removal ratio of P. antipodarum for each tile inside snail
removal plots was calculated. For each of the five tile sampling dates, I divided the average
number of P. antipodarum removed from the tile on all removal occasions since the previous
sampling date by the number present on each tile on the sampling date in question. Two
removals each were performed before sampling days 8 and 29, three before day 22 (the flash
flood on day 13 prevented one of the four planned removals), and four removals before day
43. Note that I only removed snails from the upper tile surfaces (area 100 cm2 ), whereas
benthic abundance measurements included invertebrates from all tile surfaces (240 cm2). A
removal ratio 2:0.42 (100/240) therefore implies an effective removal of snails.
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To test selectivity, I calculated a similar ratio for all non-target taxa, which were
combined into a single group named "by-catch". I considered the removal treatment as
successful (=effective and selective) if the specific removal ratio of P. antipodarum (average
across all tiles which had snails removed) was 2::: 0.42, and the ratio for bycatch was
considerably lower. The specific removal ratios were 0.42 ± 0.12 (mean ± 1 SE) for P.
antipodarum and only 0.26 ± 0.10 for by-catch. Removal of P. antipodarum was thus
effective and selective. It should be noted that, although P. antipodarum removal was
successful, considerable recolonisation of tiles by P. antipodarum occurred in the intervals
between removals. The effect of my removal treatment was therefore to intermittently rather
than permanently reduce P. antipodarum densities on tile surfaces (see Discussion).
Biological sampling

On each sampling occasion, one randomly selected tile per experimental plot was sampled by
holding a hand net (frame 20 x 15cm; mesh size 250!lm) directly downstream of the tile,
cutting the fishing line and lifting the tile into the net. Invertebrates on tiles were gently
dislodged and preserved in 70% ethanol along with those caught in the net. Leaf packs were
sampled in a similar way but without catching associated invertebrates, stored on ice in the
field, frozen in the laboratory on the day of sampling and kept at -l8°C until processing.
Epilithic algae were sampled by scraping the entire top surface of each collected tile with a
tooth brush with shortened bristles in the field. Samples were preserved immediately with
formalin (final concentration 4%) and stored in the dark until processing.
Laboratory work
2
Algal biomass was determined as chlorophyll a (!lg/m ) using standard procedures (Biggs and
Kilroy 2000) and a Fluorometer (model TD700, Turner Designs, Sunnyvale, CA).

Leaf packs were defrosted and cleansed of loosely attached algae and invertebrates.
Remaining leaf biomass in each pack was measured as ash-free dry mass using standard
methods (APHA 1998) and compared to the averaged ash-free dry mass of ten similar leaf
packs that had been dried and ashed after initial weighing at the start of the experiment. Leaf
biomass loss was then expressed as percent of initial mass. Benthic invertebrates were
counted and identified to the lowest practical taxono~ic level (usually genus or family; order
for Oligochaeta) using a stereomicroscope.
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Statistical analysis

Each sampling date was analysed separately because the number of tiles sampled decreased
across dates due to the losses caused by the flash flood on day 13 of the experiment. After
exploratory analysis, data were log10-transformed where necessary to improve normality and
homoscedasticity.
Algal biomass, leaf biomass loss, total invertebrate density, taxon richness and the
densities of the eight most common invertebrate taxa were compared among patches of
different disturbance histories, predation pressures and snail removal treatments using fourway-ANOVAs, with "disturbance", "fish" and "snail" as fixed factors and "block" as a
random factor. The model of this ANOVA with the original 48 experimental units was
intercept (degrees of freedom 1) +disturbance (2) +fish (1) +snail (1) + disturbancexfish (2)
+ disturbancexsnail (2) + fishxsnail (1) + disturbancexfishxsnail (2) +block (7) +error (29;
n=48). Due to the flash flood on day 13, the actual sample size decreased with each sampling
date from day 22 onwards (see Table 4.1).
To assess the effects of disturbance history, fish predation and snails and their
interactions on benthic invertebrate community composition, I first performed four-way
multivariate analyses of variance (MANOVAs) on the densities of the eight most common
invertebrate taxa. I then investigated these effects further by conducting ANOVAs on each
common taxon.
If a disturbance history effect was significant in the ANOVA, I conducted pairwise
post-hoc comparisons. These were Tukey HSD tests, except in cases of persisting
heteroscedasticity, where I used Games-Howell tests which do not assume equal variances
between groups (Quinn and Keough 2002). To help avoid type 11 errors, I report statistical
power for all cases with P-values between 0.050 and 0.100 (Toft and Shea 1983).
RESULTS

All effects of disturbance history, fish presence/exclusion, snail presence/removal and their
interactions presented in the following text were significant (P<0.050) unless stated otherwise.
Table 4.2 gives an overview of the frequencies of significant single-factor effects and
interactive effects involving two or three factors on the biological response parameters.
Except for leaf decomposition rates, disturbance effects on the response parameters were
considerably more common than fish exclusion effects, snail removal effects or interactive
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effects. The response patterns of the affected biological parameters will be described on the
following pages. Effects of the random block factor are listed in Tables 4.3-4.5 but not
discussed further because they are not relevant to my research objectives.
Table 4.2 Summary of the frequencies of significant effects of the three experimental factors and their
interactions on the benthic community expressed as percentages of total analysed cases. The total
number of analysed cases [number of response variables

x

number of occasions] is given in brackets

for each percentage.
Algal biomass

Leaf decomposition

Invertebrate community

Disturbance

80%[5]

0%[1]

40%[65]

Fish exclusion

0%[5]

100%[1]

3%[65]

Snail removal

0%[5]

0%[1]

1.5%[65]

20%[5]

100%[1]

3%[65]

Dist. x Snail

0%[5]

0%[1]

3%[65]

Fish x Snail

0%[5]

100%[1]

3%[65]

Dist. x Fish x Snail

0%[5]

0%[1]

12%[65]

Dist. x Fish

Algal biomass accrual and leaf decay rates
Algal biomass accrual (measured as chlorophyll a) on the experimental tiles was higher in the
presence of fish than in fish exclusion patches on day 43 (P=0.08, power=0.43; Figure 4.1;
Table 4.3). Algal biomass was also lower in scour and fill patches than in stable patches on
day 1 and lower in fill patches than in stable patches on day 8. On days 22, 29 and 43, scour
patches contained less algal biomass than fill patches (day 43: P=0.08, power=0.49). Further,
biomass was higher in stable than in scour patches on day 29. On the same date, fish and
disturbance effects on algae interacted (Figure 4.1): in stable patches, algal biomass was
higher in fish exclusion patches than in the presence of fish, whereas in scour and fill patches
the pattern was reversed (and weaker). The effects of disturbance and snail removal on algae
interacted on day 43 (P=0.08, power=0.50): in stable patches, algal biomass was higher in
patches where snails had been removed while the opposite pattern was observed in scour and
especially in fill patches.
Overall, leaf biomass loss during the first 29 days of the experiment was lower in the
presence of fish (Figure 4.1; Table 4.3). A disturbance x fish interaction indicated that this
effect was strongest in stable patches, much weaker in fill patches and absent in scour patches.
Further, the effect of snail removal on leaf decay rates interacted with fish exclu~ion: when
fish were present, leaves lost less biomass in snail removal patches whereas the opposite

66

pattern occurred when fish were excluded. Finally, a three-way interaction on this date
(P=0.056, power=0.56) indicated that the two-way interaction between fish and snail effects
was apparent in stable and fill patches, but not in scour patches. In the latter, leaf decay was
slower in patches without snail removal regardless of the fish treatment.

Figure 4.1 (over page) Algal biomass measured as chlorophyll a density on the five sampling dates

and leaf biomass loss over the first 29 days of the experiment in patches of different disturbance
history, fish predation and snail removal treatments. Error bars indicate standard errors. Significant
differences among treatments are shown by asterisks (*P < 0.05; ** P < 0.01; *** P < 0.001; Dist.
disturbance history; Fish = Fish access/exclusion; Snail = snail removal; D

x

=

F = interaction of

disturbance and fish effects etc.). Table 4.3 provides exact P-values for results with P < 0.1 0.
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Stable

Fill
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111 Snail removal
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Table 4.3 (over page) Summary of treatment effects on leaf mass loss, algal biomass, total invertebrate density, grazer density and taxon
richness as determined by separate ANOVAs on each sampling date. Only results with P < 0.10 are presented, plus rankings of treatments as
determined by post-hoc tests. D = disturbance; F = fish exclusion treatment; S = snail removal treatment.
Date

Disturbance
p
Ranking

Algal biomass
Day 1
<0.001
Day 8
0.007
Day22
0.04
Day 29
0.010
Day43
0.08
Leaf mass loss
Day 1 to day 29
Total minus P.a.
Day 1
Day 8
Day 22
Day 29

(Scour= Fill)< Stable
Fill< Stable
Scour <Fill
Scour < (Stable = Fill)
Scour< Fill

Day 22
Day 29

0\
\0

Day43
Taxon richness
Day 1
Day 8
Day 22
Day29
Day43

Snail removal
p
Ranking

DxF
p

Dxs
p

Fxs
p

DxFxS
p

0.002

0.056

0.03
0.08

Fish > Exclusion

0.007

Fish < Exclusion

0.08
0.003

<0.001 Scour< (Stable= Fill)
0.014 Scour< Fill
0.056 Scour< Fill

0.03
0.004

Day43
Grazers
Day 1
Day 8

Fish exclusion
p
Ranking

0.04
<0.001 (Scour= Fill)< Stable
0.004 (Scour = Fill) < Stable

Fish > Exclusion

0.08

0.06

Removal > Snail

0.04

0.02
0.02

0.04
0.054

Scour< Fill
Scour< Fill

0.07
0.053

Snail > Removal

0.04
0.08

<0.001 Scour< Fill< Stable
0.02

Scour < Stable

0.02

0.053

0.053
0.011

0.08

0.001
0.08

Invertebrates
As in my first reach-scale experiment (Chapter 3), the invertebrate fauna on the experimental
tiles was dominated by larval Chironomidae (39.3% of all invertebrates in the combined
samples) and Potamopyrgus antipodarum (22.9%). Larvae of the caddisfly grazers
Pycnocentrodes spp. and Pycnocentria spp. were combined into one taxon because it was
impossible to reliably identify small individuals. Pycnocentrodes spp./Pycnocentria spp.
contributed 10.5% to total invertebrate density. Further common taxa were larvae of grazing
Leptophlebiidae mayflies (5.6%), omnivorous Aoteapsyche spp. (4.1 %) and predatory
Hydrobiosidae (2.4%) caddisfly larvae and the case-bearing caddisfly grazer Oxyethira spp.
(3.1%). These eight taxa contributed 96.3% to total invertebrate density and were included in
the multivariate analysis of invertebrate community composition.
Total invertebrate density (excluding P. antipodarum) was higher in the presence of
fish than in fish exclusion patches on day 43 (Figure 4.2; Table 4.3). On days 1, 8 and 22,
scour patches contained fewer invertebrates than fill patches. Additionally, total density was
lower in scour patches than in stable patches on day 1. On day 43, the effects of disturbance
and snail removal on total density interacted (P=0.07, power=0.51; Table 4.3): total density
was higher in snail removal treatments in stable patches, whereas scour and fill patches
showed higher densities in treatments where snails had not been removed (Figure 4.2). The
effects of fish exclusion and snail removal on total density also interacted on the same date:
total density was higher where snails were removed in the presence of fish, while the opposite
pattern occurred in fish exclusion patches. On days 8 and 29, the effects of all three
manipulated factors on total density interacted. On day 8, the effects of snail removal in scour
and stable patches were largely independent of fish presence. In fill patches, by contrast, snail
removal increased invertebrate density considerably when fish were present but reduced
density when fish were excluded. In fill patches on day 29, a strong positive effect of snail
removal on total density occurred in the presence of fish and contrasted with a negative
impact of snail removal in fish exclusion patches. In scour patches, snail removal negatively
affected total density but only in th~ presence of fish. In stable patches, snail removal did not
affect total qensity in either fish tr~atment.
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Figure 4.2 Total invertebrate density (excluding P. antipodarum), grazer density and invertebrate
taxon richness in patches of different disturbance history, fish predation and snail removal treatments
on the five sampling dates. For symbols and abbreviations see Figure 4.1. Table 4.3 provides exact Pvalues for results with P < 0.1 0.
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Densities of invertebrate grazers (including P. antipodarum, Leptophlebiidae,
Pycnocentrodes spp., Pycnocentria spp., Oxyethira spp., the caddisfly larvae Olinga spp. and
Hudsonema spp., the mayfly larvae Nesameletus spp. and Coloburiscus spp. and the snail
Physella spp.) were reduced in scour and fill patches compared to stable patches on days 1

and 8 (Figure 4.2; Table 4.3). Grazer densities were still lower in scour than in stable patches
on days 29 and 43 (day 43: P=0.054, power=0.57). On day 8, grazers were more abundant in
snail removal patches (P=0.06, power=0.47), while on day 43 snail removal reduced grazer
densities (P=0.053, power=0.50). On day 29, the effects of disturbance and fish on grazers
interacted (P=0.07, power=0.54): grazer densities were lower in stable patches in the presence
of fish, while in both scour and fill patches grazer densities were lower where fish had been
excluded. The effects of disturbance and snail removal on grazers interacted on days 8 and 43
(day 43: P=0.08, power=0.49). On day 8, snail removal reduced grazer densities in stable
patches, whereas grazer densities were higher where snails had been removed in scour and fill
patches. The patterns observed on day 43 were the exact opposite. The effects of all three
experimental factors on grazers interacted on days 22 and 29. In stable patches on both dates,
snail removal reduced grazer abundance in fish exclusion treatments, while grazer densities
were higher where snails had been removed in the presence of fish. In scour patches, the
opposite pattern was observed on both dates. In fill patches, snail removal affected grazer
abundance similarly in both fish treatments (increasing grazer density on day 22 but reducing
grazer density on day 29).
Invertebrate taxon richness on day 1 was lowest in scour patches, intermediate in fill
patches and highest in stable patches (Figure 4.2; Table 4.3). On day 22, taxon richness was
lower in scour patches than in stable patches. The effects of disturbance and fish exclusion on
taxon richness interacted on day 22 (Table 4.3): stable patches showed reduced richness in the
presence of fish, whereas the opposite pattern was found in scour and fill patches. Interactions
of disturbance and snail removal effects on taxon richness occurred on days 22 and 43 (day 22:
P=0.053, power=0.57; day 43: P=0.08, power=0.50). On day 22, fill patches showed higher

richness overall when snails were removed, while no such pattern was apparent in scour and
stable patches. On day 43, taxon richness was higher in treatments without snail removal in
both scour and fill patches, whereas in stable patches richness was higher overall where snails
had been removed. The impact of fish and snail removal on taxon richness interacted on day
29: in the presence of fish, richness was higher overall where snails were removeq, while the
opposite pattern occurred in fish exclusion patches. On days 22, 29 and 43, the effects of all
three factors on taxon richness interacted (day 22: P=0.053, power=0.58; day 43: P=O.OS,
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power=0.50). On days 22 and 29, stable and fill patches showed a positive effect of snail
removal on richness in the presence of fish and a negative effect in fish exclusion patches. In
scour patches, by contrast, snail removal had a negative effect in the presence of fish and no
effect in fish exclusion patches. On day 43, stable patches showed the same pattern as on days
22 and 29, whereas snail removal in scour and fill patches reduced taxon richness regardless
of fish treatment.
Multivariate analysis of variance indicated that invertebrate community composition
differed between disturbance treatments on days 1, 8 and 43 (Table 4.4). Neither fish
exclusion nor snail removal affected multivariate community composition significantly on
any of the five sampling dates, and no two-way interactions between experimental factors
occurred.
Table 4.4 Summary of treatment effects on invertebrate community composition determined by

MANOVAs using densities of the eight most common invertebrate taxa on each sampling date. Only
significant results (P < 0.05) are presented. For symbols and abbreviations see Table 4.3.
Date
Day 1
Day8
Day22
Day29
Day43

Disturbance

Fish

Snail

DxF

oxs

FxS

p

p

p

p

p

p

DxFxS Block

p

p

<0.001
<0.001
0.02

Moving on from invertebrate community parameters to the patterns for the eight most
common individual taxa, densities of P. antipodarum were lower in scour and fill patches
than in stable patches on day 1 and lower in fill patches than in stable patches on day 8
(Figure 4.3; Table 4.5). On day 43, by contrast, P. antipodarum was more abundant in fill
patches than in scour and stable patches. On day 43, snail removal reduced P. antipodarum
densities overall compared to plots without removal. Further, the effects of disturbance and
snail removal interacted on days 8 and 43 (day 43: P=0.09, power=0.49; Table 4.5). On day 8,
snail removal caused a reduction of P. antipodarum density in stable patches, whereas
densities were higher in snail removal patches in scour and fill patches (Figure 4.3). On day
43, the opposite pattern was observed. The effects of fish on P. antipodarum also differed
between disturbance treatments on this date (P=0.051, power=0.58; Table 4.5): fish presence
reduced P. antipodarum density in stable patches while the opposite pattern occurred in scour
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and fill patches (Figure 4.3). Finally, a three-way interaction occurred on day 22: in stable
patches, snail removal reduced P. antipodarum density in fish exclusion patches whereas in
the presence of fish, P. antipodarum density was higher where snails were removed. The
opposite pattern was observed in scour and fill patches.
Hydrobiosidae were less abundant in scour patches than in stable patches on days 1
and 8 (day 1: P=0.07, power=0.53; Figure 4.5; Table 4.5), and in scour than in fill patches on
day 43 (P=0.06, power=0.54). On days 8 and 43, densities of this caddis family were higher
in the presence of fish (day 8: P=0.06, power=0.46). On day 1, fish treatment effects on
hydrobiosids appeared to differ between disturbance treatments (P=0.07, power=0.53).
However, since the taxon was completely absent from seven of the 12 treatment combinations
(see Figure 4.5), this result represents an artefact. On day 22, the effect of snail removal on
hydrobiosids differed between fish treatments (P=0.096, power=0.38): hydrobiosids were
more common overall where snails had been removed in the presence of fish, while the
opposite pattern was observed when fish were excluded. On days 8 and 29, the effects of all
three experimental factors on Hydrobiosidae interacted (day 8: P=0.051, power=0.58). In
stable patches on day 8, snail removal decreased hydrobiosid density in the presence of fish
but increased it when fish were excluded. In fill patches, the opposite pattern occurred (see
Figure 4.5). In scour patches, snail removal reduced hydrobiosid density regardless of fish
presence. On day 29, snail removal decreased hydrobiosid density in scour patches in the
presence of fish but had little effect in the absence of fish. In stable patches, snail removal
reduced density regardless of fish presence. In fill patches, snail removal decreased density
when fish were absent but increased it when fish were present.
Pycnocentrodes spp./Pycnocentria spp. were less common in scour and fill patches
than in stable patches on day 1, and also in scour than in stable and fill patches on day 8
(Figure 4.3; Table 4.5). On day 1, the effects of fish exclusion on this caddis taxon contrasted

across disturbance categories: in stable patches, density was higher in fish exclusion patches,
while no difference between fish exclusion treatments was apparent in scour and fill patches.
On day 29, the effects of disturbance and snail removal interacted (P=0.06, power=0.55): in
stable patches, Pycnocentrodes spp./ Pycnocentria spp. were more abundant where snails had
been removed, while the opposite pattern was observed in scour and fill pat9hes.
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Figure 4.3 Densities of P. antipodarum, Chironomidae and Pycnocentrodes/Pycnocentria in patches
of different disturbance history, fish predation and snail removal treatments on the five sampling dates.
For symbols and abbreviations see Figure 4.1. Table 4.5 provides exact P-values for results with P <
0.10.
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Figure 4.4
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ANOVAs
Table 4.5 Summary of treatment effects on the densities of the eight most common invertebrate taxa as determined by separate
For symbolson each sampling date. Only results with P < 0.10 are presented, plus rankings of treatments as determined by post-hoc tests.
and abbreviations see Table 4.3.
Date
P. antipodarum
Day 1
Day 8
Day 22

Disturbance
p
Ranking

Fish exclusion
p
Ranking

Snail removal
p
Ranking

-

<0.001 (Scour= Fill)< Stable
0.004 Fill< Stable

DxF

DxS

FxS

DxFxS

Block

p

p

p

p

p

-

-

-

0.051

-

0.009

0.005
0.02

Day 29
Day43

0.003

Hydrobiosidae
Day 1
Day 8

0.07
0.02

0.02

(Scour= Stable) < Fill
Scour < Stable
Scour< Stable

0.06

Snail > Removal

-

0.051

0.09

0.07
0.051

Fish > Exclusion
0.096

Day22

0.01

Day 29
0.06 Scour< Fill
Day 43
I Pycnocentria spp.
spp.
odes
Pycnocentr
<0.001 (Scour= Fill)< Stable
Day 1
<0. 001 Scour< (Stable = Fill)
Day 8

0.045

Fish > Exclusion

-

-

0.004

Day 22
Day 29

-

-

-

0.06
0.04

Day43

Chironomidae
Day 1
Day 8
Day 22
Day 29
Day43

<0.001

<0.001 Scour< (Stable= Fill)
0.011 Scour< Fill

-

-

0.09
0.09

00
!:'"--

Table 4.5 (continued):

Date

Disturbance
p
Ranking

Fish exclusion
p
Ranking

Snail removal
p
Ranking

DxF

DxS

FxS

DxFxS

Block

p

p

p

p

p

Oligochaeta

0.02

Scour < Stable

0.09

Stable < Scour

0.013
0.04S
0.03

Fill< Stable
Scour < Stable
Scour < Stable
Scour < Stable

0.006

Scour < Stable

Day 1
DayS
Day22
Day 29

0.03

Day43
Leptophlebiidae

Day 1
DayS
Day22

0.002

Day29

-

-

-

-

0.09

Day43
Aoteapsyche spp.
Day 1

o.os

DayS
Day22
Day 29

0.07

Day43
Oxyethira spp.

0.09

Scour< Fill
Scour< Fill

0.053

Fill< Stable

Day 1
DayS
Day22
Day29
Day43
-....l
\.0

0.053

o.os

Chironomidae densities were lower in scour patches than in stable and fill patches on
day 1 and in scour than in fill patches on day 8 (Figure 4.3; Table 4.5). On day 1, fish
exclusion effects contrasted between disturbance categories (P=0.09, power=0.47): In scour
and fill patches, midges were more abundant in the presence of fish than in fish exclusion
patches. By contrast, there was no difference between fish treatments in stable patches. On
day 8, the effects of all three experimental factors on midges interacted (P=0.09, power=0.49).
In fill patches, snail removal had a positive effect on midge density in the presence of fish and
a negative effect in fish exclusion treatments. In stable patches, snail removal increased midge
density regardless of fish treatment. In scour patches, snail removal resulted in fewer midges,
again regardless of fish treatment.
Stable patches contained more Oligochaeta than scour patches on day 1 (Figure 4.4,
Table 4.5), and this pattern was reversed on day 29 (P=0.09, power=0.48). On day 29, the
effects of all three experimental factors on oligochaete worms interacted (Table 4.5). In stable
patches, worm densities were similar across fish and snail treatments. In scour patches, worms
were less abundant where snails had been removed in the presence of fish but not when fish
were absent. In fill patches, snail removal had a positive effect on worm density in the
presence of fish and a negative effect where fish were excluded.
Leptophlebiidae densities were affected by disturbance history on all but one date
(Figure 4.4; Table 4.5). Stable patches contained more Leptophlebiidae than fill patches on
day 1, and more than scour patches on days 8, 22 and 29. On day 29, a three-way interaction
of the experimental factors was found (P=0.09, power=0.48). In stable patches, snail removal
decreased leptophlebiid density regardless of fish treatment. In scour patches, this decrease
occurred only in the presence of fish, with the opposite pattern when fish were absent. In fill
patches, snail removal had little effect on leptophlebiid density.
Aoteapsyche was rarer in scour than in stable patches on day 1 and in scour than in fill
patches on the last two sampling dates (day 29: P=0.07, power=0.52; day 43: P=0.09,
power=0.49; Figure 4.4; Table 4.5), and Oxyethira was less abundant in fill patches than in
stable patches on day 1 (P=0.053, power=0.57; Figure 4.5; Table 4.5). On day 8, the effects of
all three factors on both caddis taxa interacted (Aoteapsyche: P=0.08, power=0.49; Oxyethira:
P=0.053, power=0.58). In stable patches, snail removal reduced Aoteapsyche density in the
presence of fish but increased it in the absence of fish. In fill patches, the opposite pattern was
observed. In scour patches, the reduction of Aoteapsyche density in snail removal treatments
occurred only in the presence of fish, with little difference between snail treatments when fish
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were absent. In stable and fill patches, density patterns of Oxyethira were similar to those
described for Aoteapsyche. In scour patches, by contrast, snail removal increased Oxyethira
density regardless of fish treatment.
DISCUSSION

Are effects of physical disturbance more pervasive than those of biotic interactions?

Algal biomass was affected significantly by physical disturbance on four of the five sampling
dates and the benthic invertebrate community showed effects of disturbance in 24 of 60
analysed cases (12 invertebrate response parameters x five sampling dates). Effects of biotic
interactions were far less common: algal biomass was unaffected by fish exclusion or snail
removal, fish exclusion affected the invertebrate community in only two of 60 cases and snail
removal in one of 48 cases (no snails were removed before day 1, hence snail effects were
only analysed on four dates). Consequently, my findings are not consistent with Chesson and
Huntly's (1997) hypothesis but support the predictions of Townsend (1989) and Poff and
Ward (1989; Hypothesis 1 in the Introduction) that physical disturbance should affect
invertebrate distributions and algal biomass accrual more often/strongly than biotic
interactions due to the frequently disturbed nature of my study stream.
As discussed in Chapter 3 for my first reach-scale experiment, the frequency of fish
predation effects on their invertebrate prey may have been either overestimated or
underestimated in the present experiment. On the one hand, my experimental disturbance
probably had an unrealistically small direct impact on fish predators because they could easily
avoid damage by the bed manipulations. On the other hand, background levels of chemical
cues from fish predators in the flowing water were most likely similar in fish access and
exclusion patches, and the presence of these cues may have made it harder to detect
differences in invertebrate density between the two fish treatments. These counteracting
biases of my experiment might have cancelled each other out, but I ca:nnot be sure about this
(see Chapter 3 for a more detailed discussion of this issue, and also Chapters 5 and 6). Further,
my snail removal treatment resulted in an intermittent reduction of P. antipodarum grazing
pressure rather than in total snail exclusion and also happened at a smaller spatial scale than
my disturbance and fish treatments. Consequently, competition effects between invertebrates
might have been stronger if P. antipodarum had been excluded completely. Nevertheless, the
intervals between my snail removals (generally 3-4 days) were much shorter than in earlier
field experiments where stream invertebrates had been selectively removed at similar spatial
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scales (Hemphill and Cooper 1983: 2 weeks; McAuliffe 1984: 1 week). Therefore, my
removal schedule, while not perfect, still represented a considerable improvement compared
to these previous experiments.
Is the influence of biotic interactions more pronounced in stable patches?

The effects of disturbance and fish exclusion interacted significantly in three cases (plus one
case with P = 0.05). The interactions for leaf decomposition rates from day 1 to day 29 of the
experiment and algal biomass on day 29 both indicated a stronger impact of fish exclusion in
stable patches compared to scour or fill patches. Further, the presence of fish predators
reduced density of the snail Potamopyrgus antipodarum on day 43 in stable patches, but not
in scour or fill patches. All three results are in agreement with predictions ofTownsend (1989)
and Poff and Ward (1989) and my Hypothesis 2 that biotic interactions should be more
important under stable conditions than in recently disturbed patches.
In the two cases where disturbance and snail removal interacted significantly, both

total grazer density and P. antipodarum on day 8 were reduced by P. antipodarum removal in
stable patches but increased in scour and fill patches. At first glance, these findings imply a
stronger effect of removal of a dominant invertebrate competitor under disturbed conditions
and disagree with Hypothesis 2. However, because P. antipodarum was the manipulated
species in the removal treatment and the patterns of total grazer density were largely driven by
P. antipodarum density (compare day 8 for both parameters in Figure 4.2 and Figure 4.3),

these two interactions are most likely artefacts of the snail removal treatment rather than
effects of interspecific competition between grazing invertebrates. The fact that P.
antipodarum density on day 8 was reduced by experimental snail removal (the expected

outcome) only in stable patches while the reverse pattern occurred in scour and fill patches
suggests two things: (1) snail colonisation rates in recently disturbed patches were greater
than in stable patches, easily compensating the density losses due to experimental removal,
and (2) snails preferentially colonised tiles within disturbed patches when their conspecifics
had been removed twice during the preceding eight days. Increased re-colonisation activity of
benthic stream invertebrates during the first weeks after bed-moving disturbapces has been
observed in several preyiol!S st4dies (see e.g. Mackay 1992, Matthaei et al. 1997).
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Do biotic interactions gain importance with increasing time since disturbance while the
influence of disturbance diminishes?

The majority of the significant effects of disturbance on the benthic community were
observed in the first 22 days after the experimental disturbance. On days 29 and 43,
disturbance effects became rarer. Conversely, all significant effects of fish and snail removal
occurred on day 43, the last sampling date. These results support my third hypothesis that the
influence of physical disturbance on the benthic community should diminish with time since
the most recent disturbance event, while biotic interactions should grow stronger. These
findings conform to a patch-dynamics view of stream ecosystems (Townsend 1989) where
stream bed patches should differ in their successional state according to their specific local
disturbance history (Matthaei and Townsend 2000).
Further, the interaction between fish exclusion and snail removal effects on the benthic
community, a purely biotic interaction, was significant in three cases on the last two sampling
dates (days 29 and 42). By contrast, the majority of interactions that comprised both physical
disturbance and biotic processes (the interactions between disturbance and fish exclusion,
disturbance and snail removal and between all three factors) occurred on days 8 and 22 in the
middle of the experimental period (10 of 18 non-artefactual cases where P :::; 0.05). These
findings agree with my fourth hypothesis that the importance of interactions between physical
disturbance and biotic processes should increase with time during the first weeks postdisturbance, as biotic interactions get established while disturbance effects are still present,
but diminish during the final weeks of the experiment, as the influence of physical disturbance
fades.
Is the impact of each experimental factor greatest on its own?

My fifth hypothesis concerned the shape of the two-way and three-way interactions between
the three experimental factors and anticipated that the impact of each factor should be greatest
where the respective other factor (or factors) was exerting the least control on the community
(Kneitel and Chase 2004). My sixth, closely related hypothesis was based on Menge and
Sutherland (1987) and predicted that the effect of competitor removal should be greatest in
stable patches which had fish excluded because physical disturbance and predation are likely
to override the effects of competition.
Algal biomass on day 29, leaf mass loss over the first 29 days of the experiment and
Pycnocentrodes/Pycnocentria densities on day 1 showed significant disturbance

x

fish
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interactions with stronger negative effects of fish presence in stable patches than in disturbed
ones. These interactions support my hypothesis. The two interactions of disturbance and snail
removal (grazer density and the density of P. antipodarum on day 8), on the other hand, can
not be interpreted in this context; they both occurred because snail removal reduced
invertebrate densities in stable patches, while in scour and especially in fill patches, densities
were higher where snails had been removed. The effects of fish exclusion and snail removal
interacted in three cases, two of which support my hypothesis: averaged across disturbance
treatments, the positive impact of fish presence on leaf mass loss until day 29, and the
negative one on total invertebrate density on day 43 were only observed in patches where
snails had been removed.
The effects of all three manipulated factors interacted significantly in eight cases.
However, none of these interactions showed the expected pattern of the strongest impact of
snail removal in stable patches from which fish had been excluded, or the strongest impact of
fish in stable patches from which snails had been removed. These results do not support my
Hypotheses 5 and 6 and indicate there may be additional factors at play that influence the
interplay between disturbance and predation (see also Thomson et al. 2002).
Does fish predation result in a trophic cascade?
The presence or absence of predatory fish did not affect algal biomass directly in my
experiment. However, the effects of disturbance and fish on algal biomass interacted
significantly on day 29. While there was no strong effect of fish in scour or fill patches, algal
biomass in stable patches was much higher in fish exclusion treatments. This is the opposite
of what is expected from a trophic cascade. On day 43, by contrast, algal biomass was
marginally significantly (P

=

0.08) higher in the presence of fish, as would be expected ifthe

predatory fish had reduced grazer density, thus allowing more algal biomass to accrue
(Mclntosh & Townsend 1996, Townsend 2003). However, total invertebrate density on day
43 was also higher in the presence of fish, and none of the common grazer taxa showed
reduced densities in the presence of fish. These results do not support the hypothesis of a
trophic cascade mediated by grazer densities. Nevertheless, there may be less obvious factors
at work. Previous studies found that fish presence not only affects invertebrate densities, but
also their behaviour and activity, reducing the time that grazers spent foraging on the substrate
surface (Townsend 2003). The possibility that fish enhance algal growth by reducing grazer
activity deserves further attention and wil1 be investigated in Chapter 5 of 111Y thesis.
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Leaf decomposition, on the other hand, was faster in the absence of fish. This effect
might be related to increased feeding activity on leaf material by some invertebrates when fish
are absent, but this runs counter to the conventional wisdom that invertebrate shredders play a
minor role in leaf decomposition in New Zealand streams (Winterboum et al. 1981). An
alternative possibility is that fish exclusion, via an unknown top-down effect, stimulated
microbial activity in the leaf packs, leading to faster decay rates. This potential indirect effect
will be explored further in Chapter 5.
For further discussion of the results of this experiment, particularly in relation to my
other two main experiments (Chapters 3 and 5), see Chapter 6.
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Chapter Five

Individual and combined effects of fish predation and bed
disturbance on stream benthic communities - a streamside
channel experiment
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SUMMARY
The heterogeneous distribution of organisms in space and time is influenced in most
ecosystems by biotic processes such as predation and competition. Disturbance can also play
an important role in generating patchy distributions. However, the interplay of disturbance
with predation is still poorly understood, especially in frequently disturbed ecosystems.
Further, different predator species can affect prey communities in different ways and, in
particular, native and introduced species may have different consequences.
I investigated the individual and combined effects of flood-related bed disturbance and
predation by two fish species on benthic invertebrates, algae and leaf decomposition in 18
streamside channels fed from a flood-prone river. Bed movements caused by floods were
simulated by tumbling the substratum in half the channels and leaving the other half
undisturbed at the start of the experiment. Six channels each were stocked with introduced
brown trout or native upland bully or had fish excluded. I studied algal biomass and both
invertebrate density and activity on surface rocks 0, 14 and 28 days after the disturbance, and
the invertebrate community in the substrata of the entire channel on day 28. Disturbance
affected algal biomass, density, richness and activity of surface stone invertebrates on several
occasions, plus overall density and richness of channel invertebrates. Presence or absence of
predatory fish, by contrast, had no significant effects on overall invertebrate standing stocks
when sub-surface substrata were included but affected invertebrate densities on surface stones
in 40% of all analysed cases and invertebrate activity on surface stones in all analysed cases.
Native upland bullies featured more often than exotic brown trout in causing density changes
and equally often in causing changes to grazer behaviour. Overall, fish predation can have
strong effects on the benthic invertebrate community in frequently disturbed streams, but
mainly via non-lethal, behavioural effects.
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INTRODUCTION

As emphasized in Chapters 3 and 4, the heterogeneous distribution of organisms in space and
time is a central concern of ecology (Pickett and White 1985), including stream ecology
(Pringle et al. 1988, Townsend 1989). Most running waters are affected by floods (Poff and
Ward 1989, Poff 1996) and hydrological disturbance can be viewed as a dominant factor
driving stream ecosystem structure and functioning. Biotic interactions, including competition
(e.g. Kohler and Wiley 1997) and predation (Englund and Evander 1999, Diehl et al. 2000),
can also be important determinants of the distribution of stream organisms. For example,
predatory fish can influence lower trophic levels of the benthic community by decreasing
densities of invertebrate grazers through direct consumption or increased prey emigration, or
by reducing the time grazers spend foraging on the substratum surface, reducing grazer
efficiency (Mclntosh and Townsend 1996). Both effects can enhance algal biomass through a
trophic cascade (Flecker and Townsend 1994, Townsend 2003). The strength of the influence
of fish on lower trophic levels depends on the feeding mode and efficiency of each particular
fish species. For example, Mclntosh and Townsend (1996) found that visually foraging,
exotic brown trout reduced mayfly numbers and activity more than native New Zealand
galaxiids (which follow mechanical cues when hunting for prey), resulting in a much stronger
trophic cascade for trout.
Biotic interactions can be expected to be important in stable streams, but Townsend
(1989) and Poff and Ward (1989) predicted that the importance of biotic interactions should
decrease with increasing frequency and severity of disturbance (Chapters 3 and 4). On the
other hand, Chesson and Huntly (1997) theorised that biotic interactions may play an
important role even in frequently disturbed ecosystems because a minor biotically-generated
stress could be enough to drive to extinction a species already weakened by abiotic
disturbance. In other words, disturbance may either relieve organisms from stress caused by
biotic interactions or make them even more vulnerable to this stress (Thomson et al. 2002).
As argued in Chapter 3, which of these opposing outcomes occurs may depend on the
particular actors, the impact of the disturbance on each actor, and possibly on further
interacting factors (Thomson et al. 2002).
Despite the wealth of theory, empirical research to test the predictions in running
waters has important gaps. Four experiments have investigated the interplay between abiotic
disturbance and biotic factors in frequently disturbed streams (Pringle and Hamazaki 1997,
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Thomson et al. 2002, Chapters 3 and 4), but still the effect of bed-moving disturbances on
predator-prey relationships has only been studied twice (Chapters 3 and 4). Although
predators are likely to affect their prey not only by direct consumption, but also to cause
changes in prey behaviour (Townsend 2003), these two studies have not included any sublethal effects of fish predation on invertebrates.
The present experiment investigated this general question in streamside channels
supplied by a flood-prone New Zealand river. I studied the individual and combined effects of
bed disturbance and predation by two different fish species (exotic brown trout, Salmo trutta,
and native upland bullies, Gobiomorphus breviceps) on benthic invertebrate density and
activity, epilithic algal biomass and leaf decomposition rates in a four-week period after an
experimental disturbance.
I tested four hypotheses. (1) Based on the predictions of Townsend (1989) and Poff

and Ward (1989), physical disturbance should affect invertebrate distributions and algal
biomass accrual more often/strongly than fish predation due to the frequently disturbed nature
of my study stream. (2) Based on the same predictions, the impact of fish on the benthic
community should be stronger in stable channels than in recently disturbed ones. (3) Fish
presence should reduce both invertebrate density and activity, possibly resulting in a trophic
cascade and an increase in algal biomass; any trophic cascade might be stronger for the
visually feeding, voracious trout than for the smaller, benthic-feeding native bullies
(Townsend 2003). (4) Because of exposure to predation risk, invertebrate activity and density
of invertebrates on surface stones will respond more strongly to fish presence than whole
channel invertebrate density (which includes large numbers in subsurface locations).
MATERIALS AND METHODS

Study site

My study was conducted from 8 March to 2 May 2007 in streamside channels in the
floodplain of the Kauru River, a 3rd order stream in the Otago province of New Zealand
(170°44.6' East, 45°6.5' South, 98m a.s.l). A detailed description of abiotic and biotic
features of the river is provided in Chapters 2 and 3.
Experimental design and stream channel setup

My experimental setup consisted of 18 steel-sheet channels (2.5x0.15x0.15m) that were
installed on a flat gravel area between two river arms. Channels were assigned to two
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disturbance categories crossed with three fish predator treatments in a full factorial,
randomized block design, with each treatment combination represented once in a block of six
neighbouring channels and three replicates of each treatment combination. The experiment
started with a 27-day colonisation phase followed by a 28-day manipulative phase. Half the
channels were subjected to a single disturbance that occurred at the start of the manipulation
phase, whereas the other half served as undisturbed controls. Predator treatments (maintained
over the entire manipulation period) included channels with exotic trout, channels with native
upland bullies and fishless controls.
River water was supplied to triplets of adjacent channels through six PVC drainage
pipes (inner diameter 14cm; Humes Pipeline Systems, Dunedin, New Zealand) from a run in
the Kauru River about 50m upstream of the setup. A metal box (0.49

x

0.20

x

0.17m)

distributed the water from each pipe into the three channels. Each experimental block
consisted of two such channel triplets, with 0.4m between blocks. Adjustable weirs at the
channel inflows and outflows were used to equalise flow and water depth across all channels
(Flow velocity 8.3 ± 0.3crn/s; water depth 5.8 ± 0.1cm [standard error; SE, n = 162]).
To prevent fish from escaping, channels were equipped with stainless-steel, wire-mesh
screens (mesh size 6mm) at both ends. Before fish were added, all channels were covered
with nylon net (mesh size 10mm). Due to the relatively coarse mesh size, neither the screens
nor the nets restricted movements of stream invertebrates in and out of the channels.
To keep drifting debris from clogging the channel inflow screens and reducing flow in
the channels, the intake of each water supply pipe in the river was equipped with a conical net
(mesh size 15mm, diameter 15cm, about 150cm long). In addition, a wire mesh fence (mesh
size 10mm, width 4m) was erected perpendicular to the current about 3m upstream ofthe pipe
intakes. This fence, the conical nets and the inflow screens were cleaned every 3 days.
The stream channels were filled with river substratum 27 days before the start of the
manipulative phase. First, channels were filled about 2-3cm deep with a layer of dry, medium
to coarse gravels taken from· the floodplain. To create a surface layer with a particle size
similar to the average substratum size in the Kauru River (b-diameter 10.3 ± 5.8cm [SE];
Wolman pebble counts on 19 April 2006, n = 100), rocks with ab-diameter of about 9cm
were taken from a reach 10-50 meters upstream of the supply pipe inflows and placed on top
of the gravels. Pebble counts of 25 randomly selected surface stones (which included several
smaller particles) per channel showed that mean surface grain size (68.6 ± l.Omm [SE; n =
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450]) was similar across treatments (see Figure 5.la, Table 5.la). Channels were then left to
be colonised naturally by drifting algae and invertebrates.
Two days before the start of the manipulations, invertebrates from the Kauru River
were seeded into the channels to assist natural colonisation. Each channel received one
standard load of invertebrates and particulate organic matter obtained by kick-net sampling
(frame 60 x 40cm; mesh size 200Jlm) from a lOOm riffle-run section whose upper boundary
was a few metres downstream of the supply pipe inflows. Starting at the downstream end of
this section, eighteen bed patches (area roughly equivalent to the channel surface area of
0.38m2) of similar current velocity and water depth were sampled for 3 minutes each. Samples
were randomly assigned to the channels and one sample released into the uppermost third of
each channel (while blocking the channel inflow to ensure that all invertebrates and organic
material settled out onto the channel substrata).
Disturbance and fish predator treatments

At the start of the manipulative phase (day 0), the substratum inside each disturbed channel
was tumbled vigorously by hand for three minutes. To make sure that all dislodged
invertebrates and algae left the channel, the disturbance began at the upstream end and
proceeded downstream, and water flow into the channels was not reduced. All nine disturbed
channels were manipulated by the same person. The other nine (control) channels were left
undisturbed.
Immediately after disturbance, I added four upland bullies (10.7/m2 ) to each bully
channel and two brown trout to each trout channel (5.3/m2) after weighing fish and selecting
individuals to provide similar biomasses in the two fish treatments. The fish had been caught
by electric fishing in a 200-m reach that included the location of the supply pipe inflows. Fish
were weighed again on day 28 before releasing them back into the river. The numbers of trout
per channel were chosen to achieve densities comparable to those used in previous stream
channel experiments where strong effects of fish presence on invertebrate behaviour have
been found (e.g. Flecker & Townsend, 1994; trout: 4.2/m2 ; Mcintosh & Townsend, 1996;
trout: 3.8/m2 and 4.3/m2 ). Note that the densities of fish inside the channels used in this
2
2
experiment were higher than in the Kauru River (trout: 0.29/m ; bully: 0.28/m ; see Chapters

3 and 4).
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Biological response parameters and sampling
On three occasions (2-4 hours, 14 days and 28 days after the disturbance and fish addition),
three randomly selected surface stones per channel (one each from the upper, middle and
lower channel thirds) were collected to investigate algal biomass and invertebrate
communities on the substratum surface. Stones were sampled by holding a hand net (frame 15
x 1Ocm; mesh size

250~-tm)

directly downstream and lifting the stone quickly into the net.

Stones and invertebrates caught in the net were transferred into sealable plastic bags. Water
depth (measured with a ruler) and current velocity 3cm above the substratum (measured with
a electromagnetic flow meter; Flo-Mate 2000, Marsh-McBimey Inc., Maryland, USA) were
then measured in the three locations where stones had been collected.
I used lOg (fresh weight) of leaves ofmahoe (Melicytus ramiflorus), a common native
shrub, as a decomposition bioassay for comparisons between experimental treatments. All
leaves in each pack (10-15) were bolted together near the base of the mid-vein using stainless
steel bolts, nuts and washers. Three leaf packs (one per channel third, as described for the
sampled surface stones) were held in place inside the channels by rocks. All leaf packs were
sampled on day 28, in a similar way to the surface stones but without catching associated
invertebrates. Stone samples and leaf packs were stored on ice in the dark in the field, frozen
in the laboratory on the day of sampling and stored at -18°C until processing.
To obtain samples of the invertebrate community of the whole channels on day 28,
after surface stones and leaf packs had been collected the substrate of each channel was stirred
vigorously for 3 minutes with a broom handle, beginning at the upstream end. All dislodged
invertebrates were caught in a net at the downstream end ofthe channel (frame 20 x 15cm;
mesh size 250~-tm) and immediately preserved in 70% ethanol.
On days 14, 18, 20, 25 and 27, filamentous algal cover on surface rocks and
invertebrate activity on the same rocks were assessed visually during daytime. Six rocks per
channel were seleCted randomly and their positions marked by arrows on the channel walls.
Algal cover on each stone was estimated visually (by one person, in increments of 5% cover)
and any invertebrates seen on the upper stone surface were recorded.
Laboratory work
Invertebrates and loose filamentous green algae were washed off gently from each surface
rock after thawing, retrieved in a sieve (mesh size 2001!ffi) and stored in 70% ethanol until
further processing. Epilithic algae were then scrubbed off the upper surface of each stone
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using a toothbrush with shortened bristles. The algal suspension was washed into a measuring
cylinder and filled to 100ml with tap water. An aliquot of 25 to 50ml (depending on the
concentration of the suspension) was filtered onto a glass-fibre filter (GC-50, Toyo Roshi
Kaisha Ltd., Japan). Algal biomass was determined as chlorophyll a (flg/m2) using standard
procedures (Biggs and Kilroy 2000) and a UV-VIS spectrophotometer (UV mini 1240,
Shimadzu, Kyoto, Japan).
Leaf packs were defrosted and cleansed of loosely attached algae and invertebrates.
Remaining leaf biomass in each pack was determined as ash-free dry mass using standard
methods (APHA 1998) and compared to the averaged ash-free dry mass of ten similar leaf
packs that had been dried and ashed after initial weighing before the start of the experiment.
Leaf biomass loss was then expressed as percent of initial mass.
Benthic invertebrates were identified to the lowest practical taxonomic level (usually
genus or family; order for Oligochaeta) under a dissecting microscope (Olympus SZ51, 8-40x,
Japan). Due to the large numbers of invertebrates in the whole-channel samples, these were
divided into eighths using a rotating sub-sampler. One eighth of each sample was then
scanned for rare invertebrate taxa. These were removed and the remainder divided by four.
Thus, one 1/32 of the common invertebrates in each channel sample were counted.
Statistical analysis
All analyses were conducted in SPSS version 15.0. Data were loglO-transformed where
necessary to improve normality and homoscedasticity. To assess the homogeneity of
invertebrate seeding and the initial impact of the disturbance, I compared algal biomass, total
invertebrate density and densities of the eight most common taxa on surface rocks on day 0.
These comparisons were performed using nested, four-way analyses of variance (ANOVA),
with the factors fish, disturbance, block (random factor without interaction term) and sample
number (1-3; nested within fish and disturbance). The model of this ANOVA was intercept
(degrees of freedom 1) + disturbance (1) + fish (2) + block (2) + disturbancexfish (2) +
sample (disturbance) (6) +sample (fish) (2) +error (38; n=54). I used the Type I (sequential)
sums of squares, the appropriate method for analysing this type of nested design in SPSS
(Field 2005). Leaf biomass loss over the whole manipulative period (day 0 to day 28) was
analysed with the same ANOVA model.
Algal biomass, total invertebrate density, taxon richness and the densities of the 8
most common taxa on surface rocks as well as visually determined algal cover and
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invertebrate activity were analysed using nested four-way, repeated-measures ANOVAs. Fish,
disturbance, block and sample (1-3 for sampled surface rocks and 1-6 for visual observations,
nested within fish and disturbance) were the between-subjects factors in these ANOVAs, and
time (sampling occasion or observation, respectively) was the within-subjects factor. For the
surface rocks, the model for the between-subjects analysis was identical to the one described
in the previous paragraph. For the observations, the between-subjects model was intercept
(degrees of freedom 1) + disturbance (1) + fish (2) + disturbancexfish (2) + block (2) +
sample (disturbance) (15) + sample (fish) (5) +error (80; n=108)]. Fish biomass on days 0
and 28 was analysed using a three-way repeated-measures ANOVA with the model intercept
(degrees of freedom 1) +disturbance (1) +fish (2) + disturbancexfish (2) +block (2) +error
(1 0; n= 18). In cases where the assumption of sphericity was violated, the results of the withinsubjects analysis were corrected using the Greenhouse-Geisser method (Quinn and Keough

2002). I also conducted 'repeated' specific pair-wise contrasts, which compared each
sampling occasion with the subsequent one, to determine changes in factor effects and
interactions with time.
Total invertebrate density, taxon richness and densities of the 11 most common
invertebrate taxa in the entire substratum of each channel on day 28 (including all animals
found on the three surface stones sampled on this day) were compared among the different
disturbance treatments and fish predation pressures using three-way-ANOVAs [factors fish,
disturbance and block; model: intercept (degrees of freedom 1) + disturbance (1) + fish (2) +
disturbancexfish (2) +block (2) +error (10; n=18)].
If an effect of the factor fish was significant in the ANOVAs, I conducted pairwise
post-hoc comparisons using Tukey HSD or Games-Howell tests, the latter in cases of
persisting heteroscedasticity (Quinn and Keough 2002).
The results for the block factor and the nested factor sample are presented in tabular
form but not discussed further because, although these factors accounted for a certain amount
of background variation, they were not relevant to my research objectives. All presented
results were significant (P<0.050) unless stated otherwise.
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RESULTS

Fish biomass

Fish biomass was similar across fish treatments and disturbance treatments and did not
change with time (Figure 5.lb, Table 5.1b). Nevertheless, a significant interaction between
the two factors indicated that the trout in stable channels were heavier than in disturbed
channels, whereas bullies in the stable bully channels were lighter than those in disturbed
channels. This interaction grew stronger between day 0 and day 28 (P=0.08, power=0.41).
a: Substratum grain size
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Figure 5.1 a: Substratum grain size inside channels of different fish and disturbance treatments. Error
bars indicate standard errors. See Table 5.1 a for exact P-values as determined by ANOVA. b: Fish
biomass in different fish and disturbance treatments on days 0 and 28. Error bars indicate standard
errors. Significant differences among treatments as determined by repeated measures ANOVA are
shown by asterisks (*P < 0.05;

** P < 0.01; *** P < 0.001; Fish= Fish treatment; Dist. =Disturbance;

Fish x Dist. =Interaction between fish and disturbance effects). See Table 5.1b for exact P-values and

within-subjects contrasts.
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Table 5.1 a: Summary of differences between treatments in substratum grain size inside the channels

at the beginning of the experiment, determined by three-way ANOVA. b: Summary of differences
between treatments in fish biomass, determined by repeated measures ANOVA using data from days 0
and 28. Significant results (P < 0.05) are presented in bold. For within-subjects effects, P-values are
shown for specific contrasts between days 0 and 28.

a

Between-subjects effects

p
Substrate size
0.80
Fish
0.46
Disturbance
0.52
Fish x Dist.
0.001
Block
0.83
Stone (Fish)
0.62
Stone (Dist.)
Between-subjects effects
b

Within-subjects contrasts

p
Fish biomass
Fish
Disturbance
Fish x Dist.
Block

0.60
0.27
0.035
0.12

Time
Time x Fish
Time x Dist.
Time x Fish x Dist.
Time x Block

0/28
0.23
0.22
0.16
0.08
0.07
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Frequencies of significant effects of the experimental factors

Table 5.2 provides an overview of the frequencies of significant effects of bed disturbance,
fish presence and their interaction on the biological response parameters in the channel
experiment. These frequencies differed considerable between the three categories of response
parameters. For response parameters measured in the channel substrata, disturbance effects
were considerably more common than fish exclusion effects or interactive effects. For
response parameters measured on surface stones, disturbance effects remained the most
abundant effect type but both fish exclusion effects and interactions between fish and
disturbance were relatively abundant, as well. For the parameters determined by visual
observation, fish exclusion effects and interactive effects were at least as prevalent as effects
of disturbance. The main response patterns of the affected biological parameters will be
described on the following pages.
Table 5.2 Summary of the frequencies of significant effects of disturbance, fish exclusion and their

interaction term on the benthic community expressed as percentages of total analysed cases The total
number of analysed cases [number of response variables

x

number of occasions] is given in brackets

for each percentage. The three different types of biological response variables (Channels: invertebrate
standing stocks and leaf decay rates in the entire channel substrata; Surface stones: invertebrate and
algal standing stocks on surface stones; Observations: invertebrate activity and algal cover on surface
stones) are shown separately.
Algal biomass

Leaf decomposition

Invertebrate community

Channels
Disturbance

0%[1]

46%[13]

Fish exclusion

0%[1]

0%[13]

Dist. x Fish

0%[1]

8%[13]

Surface stones

0%[1]

80%[10]

100%[1]

40%[10]

0%[1]

30%[10]

0%[1]

75%[4]

Fish exclusion

100%[1]

100%[4]

Dist. x Fish

100%[1]

50%[4]

Disturbance
Fish exclusion
Dist. x Fish

Observations
Disturbance
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Invertebrates and algae on surface rocks

The dominant invertebrates on surface rocks were Chironomidae (37.9% of total invertebrate
density; all rock samples combined) and the caddisfly Pycnocentrodes spp. (36.1%). The
mayfly genera Deleatidium and Zephlebia were combined into the taxon Leptophlebiidae
because it was impossible to identify small individuals reliably (Deleatidium spp. contributed
95.8% and Zephlebia spp. 4.2% to individuals larger than 6mm, which could be identified).
Leptophlebiidae contributed 7.1% to total invertebrate density. Cladocera (6.6%), the
caddisfly Oxyethira spp. (3.7%), the snail Potamopyrgus antipodarum (3.6%), Copepoda
(2.0%) and the caddis family Hydrobiosidae (1.4%) were also common enough to be analysed
individually. Together, these eight taxa represented 98.4% of all individuals in the rock
samples.
A few hours after disturbance and fish addition on day 0, algal biomass on surface
rocks (Figure 5.2a) was similar across disturbance and fish treatments overall. However, fish
and disturbance effects on algal biomass interacted (P=0.07, power=0.52; Table 5.3); in
disturbed channels, biomass was highest in bully channels, whereas it was similar across fish
treatments in stable channels. Total invertebrate density, taxon richness and densities of the
eight most common taxa were all reduced in disturbed channels compared to stable channels
(Figures 5.2a and 5.3; Table 5.3). The effects of fish and disturbance interacted significantly
in three of these cases: the impact of fish presence on total invertebrate density, taxon richness
and densities of Leptophlebiidae and Hydrobiosidae appeared to be stronger in stable than in
disturbed channels (taxon richness: P=0.08, power=0.51). However, these interactions may
represent artifacts because values for all four parameters were generally low in disturbed
channels, so that marked differences between fish treatments were only possible in stable
channels. The only significant difference between fish treatments on day 0 was found for
Hydrobiosidae, which were less abundant in the presence of trout than in the absence of fish.
Further, total invertebrate density was lower in the presence of bullies than in the absence of
fish (P=0.09, power=0.49).
Repeated-measures ANOVAs on surface stone data from all three sampling dates
showed that algal biomass increased from day 0 to day 14 and day 14 to day 28 (Figure 5.2a;
Table 5.4). Averaged across sampling dates, biomass was higher in channels with bullies than
in the absence of fish and in stable channels than in disturbed ones, and the same patterns
were found for total invertebrate density (Figure 5.2a; Table 5.4; disturbance effect on algal
biomass: P=0.098, power=0.38). Overall, total invertebrate density and taxon richness both
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increased with time and richness was also higher in stable than in disturbed channels.
Significant time x disturbance contrasts showed that the difference between disturbed and
control channels became smaller for both invertebrate community parameters from day 0 to
day 14 (Figure 5.2a; Table 5.4). Further, the effects of fish and disturbance on total density
and richness interacted. In disturbed channels, values for both parameters were generally
lower in fishless channels than in bully or trout channels, whereas in stable channels total
density showed no consistent pattern and richness was as high or even higher in fishless
channels than in those containing fish (Figure 5.2a). Finally, total density showed a time

x

fish interaction (P=0.07; power=0.52) indicating that the effect of fish on this variable
changed from day 14 to day 28. On day 14, total density in stable channels was lowest in
those containing trout, while disturbed channels showed the opposite pattern, resulting in little
overall fish effect. On day 28, by contrast, patterns in stable and disturbed channels were
consistent, with lower densities in fishless channels than in bully or trout channels.
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Table 5.3 Summary of treatment effects on algal biomass, total invertebrate density, invertebrate taxon richness, and the densities of the
eight most common invertebrate taxa on surface rocks on day 0, a few hours after the experimental disturbance, as determined by separate
ANOVAs. Only results with P-values < 0.10 are presented, plus rankings of treatments as determined by post-hoc tests.

Variable

Algal biomass
Total invertebrates
Taxon richness
Chironomidae
Leptophlebiidae
P. antipodarum
Pycnocentrodes
Oxyethira
Cladocera
Copepoda
Hydrobiosidae

.....
0
.....

Fish
p
Ranking

0.09

0.04

No fish > Bully

No fish > Trout

Disturbance
p
Ranking

<0.001
<0.001
<0.001
<0.001
0.03
<0.001
<0.001
0.003
<0.001
<0.001

Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable> Disturbed
Stable > Disturbed

Fish x Dist.
p

Block
p

Sample (Fish)
p

Sample (Dist.)
p

0.07
0.01
0.08

0.03
0.001
0.046
0.02

0.06

0.03

0.07

0.007

0.046

0.048
0.006
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Algal biomass, total invertebrate density and taxon richness on surface rocks in

different fish and disturbance treatments on the three sampling dates. Symbols, abbreviations and
comments are as in Figure 5.1b. See Table 5.4 for exact P-values and within-subjects contrasts. b:
Leaf decomposition rates over the whole experimental period of 28 days, total invertebrate density and
invertebrate taxon richness in the channel substrate in different fish and disturbance treatments on day
28. Symbols, abbreviations and comments are as in Figure 5.1 b. See Table 5.5 for exact P-values.
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Table 5.4 Summary of treatment effects on algal biomass, total invertebrate density, invertebrate
taxon richness, and the densities of the eight most common invertebrate taxa on surface stones, as
determined by separate repeated measures ANOVAs using data from days 0, 14 and 28. Only results
with P-values < 0.10 are presented, plus rankings of treatments as determined by post-hoc tests. For
within-subjects effects, P-values are shown for specific contrasts (0/14: between day 0 and day 14,

etc.).

Between-subjects effects

p
Algal biomass
Fish
Disturbance
Block
Total invertebrates
Fish
Disturbance
FishxDist.
Block
Taxon richness
Disturbance
FishxDist.
Block
Chironomidae
Fish
Disturbance
FishxDist.
Block
Sample (Fish)
Leptophlebiidae
Fish
Disturbance
FishxDist.

0.01
0.098
0.01

0.004
<0.001
0.003
<0.001

<0.001
0.02
0.001

0.001
<0.001
0.058
0.004
0.009

0.002
<0.001
0.004

Ranking

No fish<Bully
Stable>Disturbed

No fish<Bully
Stable> Disturbed

Stable> Disturbed

Bully> No fish
Stable> Disturbed

No fish>Bully
Stable> Disturbed

Within-subjects contrasts
0/14

14/28

Time
TimexBiock

0.001

0.005
0.095

Time
TimexFish
TimexDist.
TimexBiock

<0.001

0.03
0.07

Time
TimexDist.
TimexBiock

Time
TimexFish
TimexDist.
TimexFishxDist.
TimexBiock

Time
TimexFish
TimexDist.
TimexSample (Dist.)

<0.001
0.02

0.001
<0.001
0.02

<0.001
<0.001
0.09

0.060
0.045
0.006

<0.001
0.04
0.02
0.009
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Table 5.4 (continued):
Between-subjects effects
P. antipodarum
Fish
Disturbance

p

Ranking

0.01
0.01

No fish<Bully
Stable> Disturbed

Hydrobiosidae
FishxDist.

0.054

Oxyethira
Disturbance
Sample (Fish)
Sample (Dist.)

0.003
0.009
0.07

Pycnocentrodes
Disturbance
FishxDist.
Block
Sample (Fish)
Sample (Dist.)
Cladocera
Disturbance
Block
Sample (Fish)
Sample (Dist.)
Copepoda
Sample (Fish)

<0.001
0.052
0.001
0.003
0.07

0.001
0.002
0.004
0.04

0.045

Stable> Disturbed

Stable> Disturbed

Stable>Disturbed

Within-subjects contrasts
0/14

TimexDist.
TimexBiock

0.001

TimexDist.
TimexFishxDist.

<0.001
0.02

TimexFish
TimexDist.
TimexSample (Fish)
TimexSample (Dist.)

Time
TimexDist.
TimexFishxDist.

Time
TimexBiock

14/28

0.049

0.02
0.050
0.03

0.043
0.02

<0.001
<0.001
0.02

0.08

0.04
0.049

Chironomidae (Figure 5.3) decreased from day 0 to day 14 and were more common in
channels containing bullies than in channels without fish (Table 5.4). Fish effects on
Chironomidae grew stronger from day 14 to day 28 (P=0.06, power=0.55). Overall, stable
channels also held more Chironomidae than disturbed channels, a difference which
diminished from day 0 to day 14 but increased again from day 14 to day 28. The effects of
fish and disturbance on Chironomidae interacted (P=0.06, power=0.56), and the shape of this
interaction changed from day 0 to day 14 (P=0.09, power=0.48). On day 0, the positive effect
of bully presence was stronger in stable channels than in disturbed ones, while on the latter
two sampling dates patterns were inconsistent across disturbance treatments.
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Figure 5.3 The densities of the eight most common invertebrate taxa on individual surface rocks in

different fish and disturbance treatments on the three sampling dates. Symbols, abbreviations and
comments are as in Figure 5.1 b. See Table 5.4 for exact P-values and within-subjects contrasts.
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Leptophlebiidae (Figure 5.3) were more abundant when fish were absent than in the
presence of bullies, and also in stable channels than in disturbed ones (Table 5.4). The effects
of fish and disturbance on Leptophlebiidae interacted; the negative effect of fish was stronger
in stable than in disturbed channels. Significant specific contrasts indicated that from day 14
to day 28, Leptophlebiidae densities increased generally and negative effects of both fish and
disturbance on this taxon grew stronger (Table 5.4).
P. antipodarum (Figure 5.3) was more abundant in channels with bullies than in the
absence of fish and in stable channels than in disturbed ones (Table 5.4). This taxon showed
no significant within-subjects effects, indicating that density patterns remained similar across
time (Table 5.4).
Pycnocentrodes spp., Oxyethira spp. and Cladocera were all more abundant in stable
channels than in disturbed ones (Figure 5.3; Table 5.4). All these negative effect of
disturbance weakened from day 0 to day 14, as indicated by significant specific contrasts
(Table 5.4). The negative effect of the disturbance on Hydrobiosidae also weakened from day
0 to day 14, although the overall effect of disturbance on this taxon was not significant,
indicating that it recovered quickly from the perturbation.
Effects of fish and disturbance on Pycnocentrodes and Hydrobiosidae interacted
(Pycnocentrodes: P=0.052, power=0.58, Hydrobiosidae: P=0.054, power=0.57). In disturbed
treatments, Pycnocentrodes densities were lowest in the fishless channels, whereas in the
stable treatments, densities in the fishless channels were exceeded only once by densities in
those containing bullies. Hydrobiosidae densities in the disturbed channels were generally
lower in the absence of fish than in the presence of trout, while in the stable channels, the
opposite pattern was very pronounced on day 0, although not on the following dates.
Although the overall effect of fish on Pycnocentrodes was not significant, it changed from
day 14 to day 28, with Pycnocentrodes density increasing in channels with bullies while
decreasing in channels without fish (Table 5.4). The interactive effects of fish and disturbance
on Oxyethira and Cladocera changed from day 0 to day 14, with densities of both taxa
increasing more in disturbed channels containing trout than in any other treatment
combination (Figure 5.3; Table 5.4). Densities of Copepoda and Cladocera generally
increased from day 14 to day 28.
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Channel invertebrates

Total invertebrate density in the whole-channel samples collected on day 28 reached almost
50,000 individuals per m2 (Figure 5.2b). The channel fauna was dominated by
Leptophlebiidae, which contributed 21.1% to total density (averaged across all 18 channels).
Further dominant invertebrates were Chironomidae (17.3% of total density), Oligochaeta
(14.6%), Copepoda (14.6%) and Cladocera (9.7%). Potamopyrgus antipodarum contributed
8.1% to total density and larval coleopterans (Hydora spp.) 1.9%. The caddisfly genera
Olinga spp. and Pycnocentria spp. were combined into one taxon because the subsampling of

the channel samples (see above) made it impossible to relate individuals that lost their case to
empty cases, which is essential for reliably distinguishing between the two genera (Olinga spp.
contributed 98.3% and Pycnocentria spp. 1.7 %of individuals, based on individuals that had
retained their cases). Together, the two taxa contributed 3.3% to total invertebrate density.
The three caddis taxa Hydrobiosidae (3.2% of total density), Pycnocentrodes spp. (2.6%) and
Oxyethira spp. (1.5%) were also relatively abundant. These 11 taxa contributed 98.0% of all

invertebrates in the channel samples and were analysed individually.
Both total invertebrate density and taxon richness were higher in stable channels 28
days after the disturbance (Figure 5.2b; Table 5.5). The effects of fish and disturbance
treatments on taxon richness interacted significantly. In stable channels, taxon richness was
highest in the presence of upland bullies, whereas it was highest in the absence of fish in
disturbed channels.
Eight of the 11 most common taxa in the channel samples were still affected by the
disturbance on day 28 (Figure 5.4; Table 5.5). Densities of Leptophlebiidae, Chironomidae,
Oligochaeta, larval Coleoptera, P. antipodarum, Pycnocentrodes and Hydrobiosidae were all
lower in disturbed channels (Oligochaeta: P=0.09, power=0.41; P. antipodarum: P=0.09,
power=0.40; Pycnocentrodes: P=0.07, power=0.44). Copepoda, on the other hand, were more
abundant in disturbed channels (P=0.055, power=0.50). Hydrobiosidae were more abundant
in the presence of trout than in the presence of bullies (P=0.09, power=0.46). None of the
common taxa showed an interactive effect of fish and disturbance (Table 5.5).
Leaf breakdown rates

Leaf decomposition rates were unaffected by the experimental manipulations (fish: P=0.93,
disturbance: P=0.11, fish

x

disturbance: P=0.34; Figure 5.2b Table 5.5).
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Table 5.5 Summary of treatment effects on total invertebrate density, invertebrate taxon richness, leaf
biomass loss and the densities of the 11 most common invertebrate taxa in the channel substrate on
day 28, as determined by separate ANOVAs. Only results with P-values < 0.10 are presented, plus
rankings of treatments as determined by post-hoc tests.
Variable
Leaf biomass loss
Total invertebrates
Taxon richness
Leptophlebiidae
Chironomidae
Oligochaeta
Coleoptera larvae
Copepoda
P. antipodarum
Pycnocentrodes
Hydrobiosidae
Olinga I Pycnocentria

Fish
p

Ranking

Fish x Dist.

Disturbance
Ranking
P

p

Block
p

0.03

0.093 Bully< Trout

0.003
0.001
0.003
<0.001
0.09
<0.001
0.06
0.09
0.07
<0.001

Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed
Stable < Disturbed
Stable > Disturbed
Stable > Disturbed
Stable > Disturbed

0.04

0.08
0.07
0.09
0.01
0.03

Algal cover and invertebrate activity
Averaged across the five observations from day 14 to day 27, visually determined cover of
surface stones by filamentous algae was lower in the presence of bullies than in the presence
of trout (Figure 5.5; Table 5.6). This pattern was more pronounced and consistent in disturbed
than in stable channels, as indicated by a significant fish

x

disturbance interaction. Algal

cover increased over time with each subsequent observation, and the influence of fish on
cover changed with each subsequent observation after day 18. Algal cover increased most in
fishless channels from day 18 to day 20, most in bully channels from day 20 to day 25, and
most in trout channels from day 25 to day 27. From day 18 to day 20, the negative effect of
disturbance on algal cover diminished and the shape of the fish x disturbance interaction
changed. The latter change was probably due to a strong increase of algal cover in stable
channels lacking fish, combined with a slight decrease in stable channels with trout.
Overall, the total number of invertebrates observed on the upper surfaces of the
monitored rocks was higher in the presence of bullies than in the absence of fish, and also
higher in stable channels than in disturbed ones (Figure 5.5; Table 5.6). The effects of fish and
disturbance on total invertebrates observed interacted; in stable channels, the highest numbers
were consistently seen in channels containing bullies, whereas in the disturbed channels this
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pattern was only seen on days 18, 20 and 27, and was far less pronounced. The number of
observed invertebrates generally increased from day 14 to day 18 and from day 18 to day 20
but decreased from day 20 to day 25. The negative effect of disturbance on observed numbers
of invertebrates grew stronger from day 18 to day 20 and diminished from day 20 to day 25
(P=0.09, power=0.40).

The observational data for the three dominant invertebrate grazers on the surface rocks
(Conoesucidae, Leptophlebiidae and Potamopyrgus antipodarum) were analysed individually.
The three taxa represented 99.4% of all invertebrates observed on these rocks. In this context,
the caddis taxon Conoesucidae was analysed as a family because it was impossible to
distinguish between the genera Pycnocentrodes, Olinga and Pycnocentria with the naked eye.
Overall, Conoesucidae were seen more often on the rock surfaces in the presence of
bullies than in the absence of fish and more often in stable than in disturbed channels (Figure
5.5; Table 5.6). The effects of fish and disturbance on observed Conoesucidae interacted,
closely resembling the patterns shown by total invertebrate numbers observed. Additionally,
fluctuating numbers of observed Conoesucidae in the stable channels caused overall
Conoesucidae density and the negative effect of disturbance on this taxon to strengthen from
day 18 to day 20 and to diminish from day 20 to day 25 (time

x

disturbance: P=0.058,

power=0.48; Table 5.6).
P. antipodarum was observed more often when bullies or trout were present than in

the absence of fish (Figure 5.5; Table 5.6). Averaged across treatments, observed numbers of
this snail increased from day 14 to day 18 and decreased from day 20 to day 25 (P=0.065,
power=0.46).
The mayfly taxon Leptophlebiidae responded differently to the fish treatments than the
other two dominant grazers. Overall, individuals of this taxon were seen more often in the
absence of fish than in the presence of bully or trout, and more often in stable channels than in
disturbed ones. Further, the negative impact of fish presence on Leptophlebiidae was stronger
in stable than in disturbed channels. From day 14 to day 18, Leptophlebiidae numbers also
appeared to change strongly with time as indicated by four significant pair-wise contrasts
(Table 5.6). However, because no Leptophlebiidae at all were observed on day 14 (see Figure
5.5), these patterns represent artifacts rather than biologically meaningful changes.
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Table 5.6 Summary of treatment effects on algal cover, total invertebrate activity, and the activities of
the three invertebrate taxa most often seen on individual surface stones, as determined by separate
repeated measures ANOVAs. Only results with P-values < 0.10 are presented, plus rankings of
treatments as determined by post-hoc tests. For within-subjects effects, P-values are shown for specific
contrasts (14/18: between day 14 and day 18, etc.).
Between subjects effects

p
Algal cover
Fish
FishxOist.
Block
Sample (Dist.)
Total invertebrates
Fish
Disturbance
FishxDist.
Block
Sample (Fish)
Sample (Dist.)
Leptoph lebiidae
Fish
Disturbance
FishxDist.
Block
P. antipodarum
Fish
Block

Conoesucidae
Fish
Disturbance
FishxDist.
Block
Sample (Fish)
Sample (Dist.)
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0.04
0.004
0.01
<0.001

0.001
<0.001
0.07
0.003
0.053
0.03

<0.001
<0.001
<0.001
0.007

0.003
0.004

0.001
<0.001
0.008
0.07
0.060
0.014

Ranking

Bully< Trout

No fish < Bully
Stable> Disturbed

Within subjects contrasts
14/18

20/25

25/27

Time
TimexFish
TimexOist.
TimexFish x Dist.
TimexBiock

0.003 <0.001 <0.001 <0.001
0.03 <0.001 0.006
0.04
<0.001
0.02
<0.001 0.02

Time
TimexDist.
TimexBiock

0.006 <0.001 0.008
0.001 0.09
0.046

Time
(Bully= Trout) < No fish TimexFish
TimexDist.
Stable > Disturbed
TimexFishxDist.
TimexSample (Dist.)

0.001
0.006
0.003
0.03

Time
No fish < (Bully= Trout) TimexSample (Dist.)

<0.001
0.043

No fish < Bully
Stable > Disturbed

18/20

Time
TimexDist.
TimexBiock

0.056
0.07

<0.001 0.03
0.001 0.058
0.01

DISCUSSION

Are the ecological effects of physical disturbance more pronounced than those of fish?
Total invertebrate density, taxon richness and densities of the 8 most common individual taxa
on surface rocks were all significantly reduced in the disturbed treatments on day 0, a few
hours after the experimental disturbance. It is clear that tumbling of the channel substrata
represented a strong disturbance for the benthic invertebrate community. On the other hand
there was only a single significant main effect of fish on surface stones on day 0, indicating
that fish had little immediate effect. The exception was the very mobile predatory caddisfly
Hydrobiosidae, and may represent a fast reaction to fish predation risk.
As the experiment proceeded, the influence of disturbance on invertebrate richness and
densities continued to dominate in whole channel samples (6 disturbance main effects versus
zero fish main effects) but less so in surface stone samples (8 disturbance main effects versus
4 fish main effects). Significant within-subjects contrasts in my analysis showed that the four
effects of fish on invertebrates on surface rocks tended to grow stronger towards the end of
the experiment, whereas most effects of disturbance on the invertebrate community
diminished with time.
Overall, therefore, disturbance effects were more pronounced than fish effects on algal
biomass and invertebrate densities, as predicted for the community of a highly disturbed river
(Townsend 1989; Poff and Ward 1989) and running counter to the hypothesis of Chesson and
Huntly (1997). However, the influence of biotic factors increased with time since the last
disturbance, conforming to a patch-dynamics concept of stream ecology (Townsend 1989)
where the ecology of patches differs according to their local disturbance history (Matthaei and
Townsend 2000).
Is the impact of fish more pronounced in stable channels?
The effects of fish predation and disturbance interacted in several cases. Leptophlebiid density
on surface rocks and the numbers of Leptophlebiidae and Conoesucidae observed on the
surface of rocks all showed stronger impacts of fish presence in stable channels than in
disturbed ones. These interactions support the predictions of Townsend (1989) and Poff and
Ward (1989) that biotic interactions should be more important in stable conditions. On the
other hand, invertebrate taxon richness in the whole channel samples, and taxon richness and
total density on surface rocks, together with visually determined algal cover, all showed
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patterns of interaction with disturbance that allowed no straightforward ranking of fish
impacts in stable and disturbed channels. These contrasting results indicate there may be
additional factors that influence the interplay between disturbance and predation (see also
Thomson et al. 2002).

Does fish presence result in a trophic cascade, enhancing algal biomass or leaf
decomposition?
Algal biomass on surface rocks was lower in the absence of fish than in their presence, as
would be expected if the predatory fish had reduced grazer density and allowed algal biomass
to accrue (Mcintosh & Townsend 1996, Townsend 2003). Paradoxically, however, total
invertebrate density on surface rocks and density of the grazing P. antipodarum were
generally lowest in the fishless channels. On the other hand, grazing leptophlebiid mayflies
were more common in channels without fish. The same patterns were even more prominent
when invertebrate activity was measured: total invertebrates and the abundant grazers
Conoesucidae and P. antipodarum were observed more often on surface rocks in channels
containing fish than in fishless channels, whereas Leptophlebiidae were more active in the
absence of fish. The presence of fish may have influenced the competitive interactions among
grazers, possibly due to differences in their vulnerability to fish predation: non-armoured
leptophlebiid mayflies were far more abundant and active in fishless channels, whereas casebearing conoesucid caddis flies and the shelled snail P. antipodarum were more abundant and
active in the presence of fish. It is possible that the mayflies are more efficient grazers
(Holomuzki and Biggs 2006) and that their replacement by other taxa was responsible for
enhanced algal biomass accrual, and a trophic cascade, in the presence of fish.
In previous studies involving brown trout and native fish, trophic cascades were more
strongly evident in the case of the voracious and visually-hunting brown trout (Townsend
2003). This was because trout reduced not only the density of grazers but, more significantly,
their grazing activity during daylight when grazers were particularly vulnerable to trout
predation. In the current experiment, upland bullies featured more often than trout in causing
density changes, although trout were equally important in their effects on invertebrate
behaviour. It may be that upland bullies pose greater predation risks than the previously
studied native galaxiid fishes (e.g. Galaxias depressiceps and G. eldoni).
Another possible explanation for the stronger impact of upland bullies on invertebrate
density compared to that of brown trout could be the higher bully densities, which resulted
from standardizing fish predation pressure by fish biomass in my experiment. It is possible
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that the strength of non-lethal predator effects may depend more strongly on prey encounter
rates, which are linked to predator density, than on predator biomass. Therefore, the reduced
invertebrate density in bully channels could have been at least partly due to increased
invertebrate drift rates as a predator avoidance behaviour and thus higher prey emigration
from these channels compared to channels containing trout or no fish (Thomson et al. 2002).
The presence of predatory fish might also affect leaf decomposition via a trophic
cascade if two conditions are satisfied. First, they must reduce the density or feeding activity
of invertebrates that help consume leaf material. Second, invertebrate feeding must be an
important factor in leaf decomposition in comparison to the microbial processes that often
dominate. In this experiment, neither presence of fish nor disturbance affected leaf mass loss.
It is likely that bacteria and fungi are mainly responsible for decomposition in this stream.
One could argue that my results were influenced by the fact that the water in all
experimental stream channels came from the same source, a river that contained predatory
fish. Consequently, fish presence and absence treatments had similar background levels of
chemical fish cues in the water, and these chemical cues could have influenced invertebrate
behaviour, making it more difficult to detect differences between experimental treatments (see
Chapter 3 for a more detailed discussion of this issue). Nevertheless, the fish presence
treatments had strong effects on invertebrate densities and behaviour on surface stones in this
stream channel experiment. Because fish densities in the channels with fish were quite high
compared to average natural densities, I believe that confounding effects of background levels
of fish chemical cues were not important in this experiment. This situation may have been
different in my two reach-scale experiments where fish densities in the treatments with fish
access were much lower (see Discussion sections in Chapters 3, 4 and 6).
Does invertebrate activity and density on surface stones respond to fish more strongly
than whole channel density?
The impact of the experimental fish treatments on the invertebrate community depended
strongly on the response parameters in question (standing invertebrate stocks in the whole
channel substratum, standing stocks on surface rocks and invertebrate activity on surface
rocks). By contrast, the disturbance treatments had a strong impact on all three invertebrate
parameter categories. At the end of the 28-day experiment, invertebrates in whole channel
samples were unaffected by fish presence (no significant effects on total density, taxon
richness or densities of the 11 most common taxa), whereas stable channels differed
significantly from disturbed ones in 46% of these cases. By contrast, invertebrates on surface
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rocks were influenced by fish presence in 40% of ten analysed cases (total density, richness
and eight common taxa) and by disturbance in 80% of cases. Finally, invertebrate activity on
surface rocks was affected by the presence of fish in all four analysed cases (total activity and
activities of the three most common taxa) and by disturbance in 75% of these cases. It seems,
therefore, that the presence of fish was a strong determinant of invertebrate density and
especially activity on surface rocks, but had little effect on overall invertebrate standing
stocks, which included the sub-surface substrata of the channels. The effect of disturbance, on
the other hand, strongly affected invertebrate density in both surface and sub-surface substrata,
reducing the densities of all taxa except Copepoda.
These results support the hypothesis that because of exposure to predation risk at the
substrate surface, invertebrate activity and density of invertebrates on surface stones should
respond more strongly to fish than should whole channel invertebrate density. On the other
hand, it is worth noting that I did not observe invertebrate behaviour at night. Both brown
trout and upland bully are more active and pose a greater predation risk for invertebrate
during daytime (Mclntosh and Townsend 1996, Sagar and Glova 1994). Therefore, fish
predation effects on invertebrate behaviour may be less pronounced at night, implying that the
overall effect of fish on invertebrate behaviour might have been overestimated in this study.
Further discussion of the results of this channel experiment, and particularly in relation
to the two field experiments (Chapters 3 and 4) will follow in Chapter 6.

116

Chapter Six

Discussion
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In this final chapter of my thesis I compare the key findings of the three main experiments,
with particular emphasis on identifying general patterns. My discussion is organised under
four subheadings that focus on key hypotheses. The fifth and final section makes some
general comparisons with related studies in running water and other ecosystems.

ARE BIOTIC INTERACTIONS IMPORTANT IN THE KAURU RivER?
In all three main field experiments, significant effects of excluding fish predators or removal
of a dominant invertebrate competitor were far less frequent than those of local bed
disturbance (Table 6.1 ). This pattern was generally consistent even though the experiments
had been conducted during different seasons in different years (Chapter 3: spring/early
summer 2005, Chapter 4: summer 2006, Chapter 5: autumn 2007) and at different spatial
scales (Chapters 3 and 4 in a 30-m reach, Chapter 5 in streamside channels of 2.5m length).
Consequently, it seems that in comparison to abiotic disturbance, fish predation and
competition among grazers play relatively minor roles in shaping benthic communities in this
flood-prone river. This outcome supports the predictions of Poff and Ward (1989) and
Townsend (1989) that biotic interactions should be relatively unimportant in frequently
disturbed streams.
Table 6.1 Summary of the frequencies of significant effects of abiotic and biotic experimental factors
on the benthic community expressed as percentages of analysed cases for each of the experiments
described in Chapters 3-5. The number of analysed cases [number of response variables x number of
occasions] is given in brackets for each percentage. The three different types of biological response
variables in Chapter 5 (Channels: invertebrate. standing stocks and leaf decay rates in the entire
channel substrata; Surface: invertebrate and algal standing stocks on surface stones; Observations:
invertebrate activity and algal cover on surface stones) are shown separately. Note that not all factors
or response variables were analysed in each experiment.
Chapter3
Invertebrates

Algal biomass

Leaf decomposition
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Disturbance
Fish presence
Snail removal
Disturbance
Fish presence
Snail removal
Disturbance
Fish presence
Snail removal

50% [78]
10.3% [78]
83.3% [6]
33.3% [6]
50% [2]
0% [2]

Chapter4
Channels
40% [60] 46.2% [13]
0% [13]
3.3% [60]
1.7% [48]
80% [5]
0% [5]
0% [5]
0% [1]
0% [1]
0% [1]
100% [1]
0% [1]

Chapter 5
Surface
80% [10]
40% [10]

Observations
75% [4]
100% [4]

0% [1]
100% [1]

0% [1]
100% [1]

In Chapter 3, local bed disturbance affected invertebrate response parameters in 50%
of cases while effects of the presence of fish were only recorded in 10% of cases. Similarly,
significant effects of disturbance occurred in 40% of cases in Chapter 4, while effects of fish
presence and snail removal were seen in only 3% and 2% of cases, respectively. In the
streamside channel experiment (Chapter 5), results for invertebrate standing stocks in the
entire channel followed the same pattern, being affected by abiotic disturbance in 46% of
analysed cases but not at all by fish presence. Invertebrates colonising surface stones showed
very frequent effects of disturbance (80%) and frequent effects of fish predation (40% of
cases). Finally, invertebrate activity on surface stones showed high rates of both disturbance
(7 5%) and fish effects (1 00%). The relatively high frequency of fish effects on surface stone
invertebrates, and especially on invertebrate activity, is probably related to the fact that the
2
2
density of predatory fish in this experiment (trout: 5.3/m ; bully: 10.71m ) was considerably

higher than ambient densities in the Kauru River that applied to the experiments in Chapters 3
and 4 (trout: 0.29/m2 ; bully: 0.28/m2). Note that the trout densities used in my channel
experiment were comparable to those used in previous stream channel experiments where
strong effects of fish presence on invertebrate behaviour have been found (e.g. Flecker &
Townsend, 1994; trout: 4.2/m2 ; Mcintosh & Townsend, 1996; trout: 3.8/m2 and 4.3/m2 ).
Algal biomass was affected by local bed disturbance on the majority of sampling dates
in both reach-scale experiments (Chapter 3: 83%; Chapter 4: 80%, Table 6.1), with biomass
generally lower in disturbed patches. Biotic factors, on the other hand, influenced algal
biomass on only 33% of sampling dates in Chapter 3, and neither fish exclusion nor snail
removal affected algal biomass in Chapter 4. In the channel experiment, on the other hand,
neither algal biomass on

~urface

stones (measured as chlorophyll a) nor algal cover

(determined by visual observation) was affected by disturbance but both were influenced by
fish exclusion. The lack of a disturbance effect here might reflect the fact that the disturbed
substrate in the channels, which was tumbled vigorously, would nevertheless still retain some
algal cells, in contrast to the substrata deployed in the reach-scale experiments which had no
attached algae whatsoever. The effects of fish exclusion on algal biomass in the channel
experiment may again be a reflection of higher fish densities than in their reach-scale
counterparts.
Taken together, the results for invertebrates and algae in all three experiments provide
general support for the contention that effects on the benthic community of disturbance are
more frequent than of biotic interactions. However, it should be kept in mind that the
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frequency of fish predation effects on their invertebrate prey may have been either
overestimated or underestimated in my two reach-scale experiments, as discussed in Chapters
3 and 4. On the one hand, my experimental disturbance probably had an unrealistically small
direct impact on fish predators because they could easily avoid damage by the bed
manipulations. On the other hand, background levels of chemical cues from fish predators in
the flowing water were most likely similar in fish access and exclusion patches, and the
presence of these cues may have made it harder to detect differences in invertebrate density
between the two fish treatments. These counteracting biases of my experiment might have
cancelled each other out, but I cannot be sure about this. Further, my snail removal treatment
in Chapter 4 resulted in an intermittent reduction of P. antipodarum grazing pressure rather
than in total snail exclusion and also happened at a smaller spatial scale than my disturbance
and fish treatments. Consequently, competition effects between invertebrates might have been
stronger if P. antipodarum had been excluded completely. Future experiments may be able to
overcome these limitations of my reach-scale experiments, but the logistical challenges
involved will be considerable.
In my stream channel experiment (Chapter 5), the fish presence treatments had strong
effects on both invertebrate densities and invertebrate behaviour on surface stones, regardless
of the fact that the water in all channels came from the same source, a river that contained
predatory fish. Because fish densities in the channels with fish were quite high compared to
average natural densities, I believe that confounding effects of background levels of fish
chemical cues were not important in this experiment (see also Discussion in Chapter 5).
ARE BIOTIC INTERACTIONS MORE PRONOUNCED IN STABLE PATCHES OR
CHANNELS?

Based on the predictions of Poff and Ward (1989) and Townsend (1989) I also expected
significant interactions between disturbance and biotic factors in my experiments, with biotic
factors having stronger effects on the benthic invertebrate community in the absence of recent
disturbance than in recently disturbed experimental units. For fish predation, a stronger effect
would be equivalent to a more marked reduction of invertebrate prey densities when fish are
present in stable patches than in disturbed patches. For the competition treatments, a stronger
effect would mean a more marked increase in the densities of other invertebrates in treatments
where the dominant competitor Potamopyrgus antipodarum had been removed in stable
patches than in disturbed patches.
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In Chapter 3, local bed disturbance reduced the negative impact of fish predators on
total invertebrate density on day 16, on Hydrobiosidae on day 10, and on P. antipodarum on
day 23. In Chapter 4, the negative effect of fish on Pycnocentrodes/Pycnocentria on day 1
were stronger in stable patches compared to scour or fill patches. In Chapter 5, the effects of
fish on Leptophlebiidae density on surface rocks and the activity of Leptophlebiidae on these
rocks were stronger in stable channels than in disturbed ones. The interactions shown by
taxon richness and total density on surface rocks in Chapter 5, examined from this point of
view, also support my first expectation: all negative effects of fish presence were observed in
stable channels, while in disturbed channels, total density and taxon richness was consistently
higher in the two fish treatments (see Figure 5.2 in Chapter 5).
When the findings of the three experiments are viewed together, the majority of cases
with interacting effects of disturbance and fish exclusion followed the predicted pattern with a
stronger negative impact of fish predators in stable units than in disturbed ones.

ARE DISTURBANCE EFFECTS MORE PRONOUNCED NEAR THE START OF THE
EXPERIMENTS,

DIMINISHING

WITH

TIME

WHILE

EFFECTS

OF

BIOTIC

INTERACTIONS GROW STRONGER?

Because, according to Townsend (1989), biotic interactions in running waters should be more
important under stable conditions, I expected the impact of physical bed disturbance to be
generally strongest directly after each experimental disturbance and to diminish towards the
later stages of each experiment. The importance of biotic interactions, on the other hand,
would be expected to grow stronger with time. Considering that stream bed patches should
differ in their successional state according to their specific disturbance history (Matthaei and
Townsend 2000) and that stable experimental units had a head start over disturbed ones, I
further expected interactions between disturbance and biotic factors to be most frequent in the
middle phase of each experiment, after biotic factors had time to get established and before
the influence of disturbance had diminished (see Figure 6.1A).
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Figure 6.1 A: Conceptual model of expected temporal changes in the importance of disturbance and

biotic factors. B, C, D: Number of significant factor effects on response parameters examined on six
sampling dates in Chapter 3, on five sampling dates in Chapter 4 and on three sampling dates in
Chapter 5.
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Most of my findings were in agreement with these expectations. In both reach-scale
experiments (Chapters 3 and 4), the majority of significant disturbance effects were observed
in the earlier phases of each experiment, while disturbance effects became rarer on the later
sampling dates (see Figure 6.1B, C). Significant effects of fish exclusion on the benthic
community, although relatively few, occurred on both earlier and later experimental dates in
the experiment described in Chapter 3 (Figure 6.1B) while in the experiment described in
Chapter 4 significant effects of solely biotic factors (fish predation, snail removal or an
interaction of the two) did not appear until four weeks after disturbance (Figure 6.1 C). In the
channel experiment (Chapter 5), the strength of most disturbance effects on the benthic
community on surface rocks also diminished with time, while the effects of fish predation
grew stronger (Figure 6.1D). There is also an indication, most particularly in Figure 6.1C, that
the frequency of significant interactions between disturbance and biotic factors was greater
part way through the experiments.
DOES FISH PRESENCE RESULT IN A TROPHIC CASCADE, ENHANCING ALGAL
BIOMASS OR LEAF DECOMPOSITION?

If a trophic cascade is operating, the presence of predatory fish reduces invertebrate grazing
and thereby indirectly enhances algal biomass accrual, as has been observed in previous
research on brown trout in New Zealand streams (Flecker and Townsend 1994, Mclntosh and
Townsend 1996, Townsend 2003, Simon et al. 2004) and on brown trout and other fish
species elsewhere (e.g. Diehl et al. 2000, Motta and Uieda 2008). The results yielded by my
three main experiments are contradictory when examined in this context.
In the reach-scale experiment described in Chapter 3, fish predators affected algal
biomass significantly on two of the six sampling dates but algal biomass was reduced on the
two dates, contrary to my expectation and the findings of previous studies. In the experiment
described in Chapter 4, fish presence affected algal biomass only once, via a significant
disturbance

x

fish interaction on day 29. Again, algal biomass was reduced in the presence of

fish but only in stable patches. On day 43, algal biomass was marginally significantly higher
in the presence of fish, as would be expected if fish predation had reduced grazer density and
allowed algal biomass to accrue. Nevertheless, total invertebrate density on this day was also
higher in the presence of fish, and none of the common invertebrate grazers showed
significantly reduced densities in the presence of fish. Thus, the combined findings of my two
reach-scale experiments do not support th~ hypothesis of a trophic cascade via reduced grazer
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densities. The observed negative effects of fish presence on algal biomass could possibly be
due to bioturbation of surface stones by foraging benthic fish, such as the abundant upland
bullies. The predominantly drift-feeding mode of brown trout, the other common fish species
in my study stream, is less likely to cause bioturbation.
The streamside channel experiment (Chapter 5) produced very different results.
Overall, algal biomass on surface rocks was lower in the absence of fish than in their presence,
as would be expected if a trophic cascade were operating. But, paradoxically, total
invertebrate density and density of the grazing snail P. antipodarum on surface rocks were
both lowest in the fishless channels. On the other hand, grazing leptophlebiid mayflies were
more common in channels without fish. The same patterns were even more prominent where
invertebrate activity was concerned: total invertebrates and the abundant grazers
Conoesucidae and P. antipodarum were observed. more often on surface rocks in channels
containing fish than in fishless channels, whereas Leptophlebiidae were more active in the
absence of fish. The presence of fish may have influenced the competitive interactions among
grazers, possibly through differences in their vulnerability to fish predation. Thus, nonarmoured leptophlebiid mayflies were far more abundant and active in fishless channels,
whereas case-bearing conoesucid caddis flies and the shelled snail P. antipodarum were more
abundant and active in the presence of fish. Because leptophlebiid mayflies may be more
efficient grazers than P. antipodarum (Holomuzki and Biggs 2006), replacement of mayflies
by other taxa may have been responsible for enhanced algal biomass accrual, and a trophic
cascade, in the presence of fish. These results suggest that predation by fish had both lethal
and sub-lethal effects on the invertebrate community in my stream channels by, for instance,
selectively reducing density and foraging activity of vulnerable prey taxa such as mayflies
(and possibly also by increasing mayfly drift out of channels containing fish; see e.g. Diehl et
al. 2000). Such sub-lethal effects were not investigated in my two reach-scale experiments
because visual observation of invertebrate activity in the experimental plots was not feasible.
The contrasting results of the channel experiment compared to my reach-scale
experiments are likely to be caused, at least partly, by the higher densities of fish predators in
the experimental channels compared to the experimental reach in the Kauru River. Fish can be
expected to exert stronger effects (both lethal and non-lethal) on their prey when fish density
is high. On the other hand, the contrasting results could also be related to differences between
the invertebrate communities investigated in the experiments. Comparison of the relative
abundances of the most common taxa in the three experiments shows that the communities
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examined in Chapters 3 and 4 were similar to each other, but these differed from the
community in the streamside channels (Chapter 5). In the former, grazers on tiles were
dominated by P. antipodarum (25% and 23% of total invertebrate density). By contrast, this
taxon represented only 4% of the invertebrates present on surface rocks in the channels. The
cased caddisfly Pycnocentrodes, on the other hand, dominated the grazer fauna on the channel
surface rocks (36% of total invertebrate density) but contributed only 11% to the invertebrates
present on the tiles sampled in both reach scale experiments. This difference could be
explained by a relatively poor ability of P. antipodarum to drift or crawl through the 50-m
drainage pipes that supplied the stream channels with river water, thus reducing the presence
of this taxon in the channels and allowing higher densities of Pycnocentrodes to develop.
Finally, the three experiments were performed in different seasons. The two reach-scale
experiments ran in spring/early summer (Chapter 3: October- December 2005) and summer
(Chapter 4: January -February 2006), whereas the channel experiment was conducted in
autumn (Chapter 5: April 2007). Seasonal differences regarding invertebrate community
composition and life history might also have contributed to the different outcomes discussed
above.
My findings for fish predation effects on leaf decomposition rates, an ecosystem
response parameter rarely investigated in fish predation (Boyero et al. 2008) or disturbance
studies, contrasted between my three main experiments. In Chapter 3, leaf decay tended to be
faster when fish were present (P=0.06, power=0.49). It is possible that bioturbation by fish led
to increased physical abrasion of the mahoe leaves used as a bioassay for comparison between
the experimental treatments. On the other hand, perhaps the lower invertebrate densities in the
presence of fish on some of the later sampling dates (see earlier Discussion) facilitated
microbial leaf decay via reduced invertebrate consumption of fungal and bacterial biofilms. In
Chapter 4, on the other hand, leaf decay during the first 29 experimental days was slower in
the presence of fish. Such a pattern might be expected in a trophic cascade where fewer
invertebrate shredders eat less leaf material, as noted by Boyero et al. (2008) for a tropical
Australian stream and Woodward et al. (2008) for an English stream. However, invertebrate
densities in my experiment were not reduced in the presence of fish until day 43, and
invertebrate shredders are generally thought to play a minor role in leaf decay in New Zealand
streams (Winterbourn et al. 1981; Thompson & Townsend 2000). Consequently, such a
trophic cascade is not likely to be the explanation for this pattern. Finally, in the channel
experiment (Chapter 5), leaf decomposition was unaffected by disturbance or fish presence.
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These contrasting results cannot be explored further because I did not investigate fungi or
bacteria, the main contributors to leaf decay in New Zealand streams (Winterboum et al.
1981).
In previous studies involving brown trout and native fish in New Zealand, trophic
cascades were more evident for the voracious and visually-hunting brown trout (Townsend
2003 and references therein). This pattern was found because trout reduced not only the
density of invertebrate grazers but, more significantly, their grazing activity during daylight
when grazers were particularly vulnerable to trout predation (Townsend 2003). In my stream
channel experiment, upland bullies featured more often than brown trout in causing density
changes in invertebrates, although trout were equally important in their effects on invertebrate
behaviour. Possibly, upland bullies pose greater predation risks than the previously studied
native galaxiid fish species (e.g. Galaxias depressiceps and G. eldoni; Townsend 2003). On
the other hand, the experimental design in Chapter 5 was based on the assumption that equal
biomass of bullies and trout would result in equal predation pressures by the two species. This
assumption resulted in higher bully densities per channel (four bullies versus two trout), and
this difference may be partly responsible for the unexpectedly strong impact of bullies.
COMPARISON TO RELATED STUDIES IN RUNNING WATERS AND OTHER
ECOSYSTEMS

In running waters, I am aware of only two studies apart from my own that have investigated
the interplay between disturbance and predation .in frequently disturbed streams or rivers.
Thomson et al. (2002) examined the interaction between the effects of a predatory
stonefly larva and hydrological disturbance (increased flow without bed movement) in
artificial 2-m channels deployed for seven days in a flood-prone Australian stream. The
authors found a stronger effect of the stoneflies on their prey (grazing mayflies) under
variable flow conditions (which included two one-day periods of high flow) than at stable low
flow. This result contrasts with the main findings of the present thesis. However, Thomson et
al. (2002) concluded that the increased predator impact in variable-flow channels was at least
partly caused by increased mayfly drift, resulting in high prey emigration from variable-flow
channels in the presence of predators, rather than by direct prey consumption by predators.
Moreover, their flow manipulation did not cause bed movement, recognized to be a key
criterion of whether or not a high-flow event represents a disturbance to the benthos (Poff
1992). Thus, the disturbance in Thomson et al.'s (2002) experiment was clearly less severe
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than the bed disturbances in my three main experiments, and this important difference may
explain the contrasting results.
In the other directly related study, Pringle and Hamazaki (1997) found that
omnivorous fish had a strong impact on algal biomass, community structure and resistance to
flood disturbance in a tropical rainforest stream during a 7-week period that included two
large natural floods. Again, their results appear to contrast with the main findings of my
experiment. However, even these large floods caused only relatively minor bed movements in
this tropical stream (Pringle and Hamazaki 1997), presumably due to the low sediment supply
from its densely forested catchment (Dietrich et al. 1989, Matthaei et al. 1999). Consequently,
I contend once again that the disturbance to the benthic community caused by these floods
was less severe than my own experimental disturbances, due to the lack of significant bed
movement. For instance, the sampling substrata in Pringle and Hamazaki (1997), ceramic tiles
placed in stream bed patches from which fish were excluded using electric fences (exactly the
same approach as in my two reach-scale experiments described in Chapters 3 and 4), survived
the floods, and benthic invertebrate density on these tiles was not reduced significantly from
four days before to nine days after the largest flood (see Figure 5 in Pringle and Hamazaki
1997). By contrast, my three experimental disturbances all reduced total invertebrate densities
in disturbed treatments significantly, and this reduction lasted for up to 44 days.
After considering the combined results of these two studies and my own research, I
would argue that predation remained an important factor structuring the benthic communities
studied by Thomson et al. (2002) and Pringle and Hamazaki (1997) because, while the two
investigated streams were flood-prone and high-flow events occur frequently, these are
relatively benign in terms of bed movement. In my studies conducted in a third flood-prone
stream, the impact of predation (and also competition, in Chapter 4) was weaker because
natural flow-induced disturbances to the bed are profound and shifting of bed substratum was
included in the disturbance treatments. This interpretation of the respective findings of these
studies is again consistent with the predictions ofPoff and Ward (1989) and Townsend (1989).
Three earlier manipulative studies of the interplay between physical disturbance and
competition in running waters yielded evidence of trade-offs between resistance to
disturbance, rapid colonisation and competitive ability, and indicated that physical
disturbance in streams can reduce the influence of biotic interactions. McAuliffe (1984)
examined competition for space between three stream invertebrate species. Under stable
conditions, a caddisfly larva (Lf!ucotrichia pictipes), which can take advantage of silken
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retreats left behind by former generations, was the superior competitor and monopolised space.
When physical disturbance removed these retreats, however, the caddisfly lost its advantage;
thus, disturbance prevented monopolisation of space by a single species and resulted in a
more equitable invertebrate community. Hemphill and Cooper (1983) and Hemphill (1991)
found that the bed of a Californian stream was colonised by filter-feeding blackfly larvae
(Simulium virgatum) after winter storms but as the year progressed these were outcompeted

by longer-lived, net-spinning caddisfly larva (Hydropsyche oslari). Occasional disturbance of
the substrate created an environment in which the blackfly's ability to colonise quickly
counteracted the caddisfly's competitive superiority. The latter two studies were carried out in
a seasonally stable stream, and showed that the competitive relationship between blackflies
and caddisflies was more pronounced during the stable season. These results are also
consistent with the findings of my studies.
Three previous correlative studies reported that hydrological disturbance can relieve
native fishes from predation by larger, introduced species. Thus, Meffe (1984) investigated
distributions of exotic mosquito fish and native top minnows in Arizona streams. He found
that mosquito fish usually displace top minnows, but coexistence is possible in rivers
regularly disturbed by flash floods, possibly because the exotic intruder is less well adapted to
such disturbances. Likewise, the impact of trout on native galaxiids in New Zealand rivers can
be reduced by flow disturbance, either in the form of flooding (Mclntosh 2000) or low flow
(Leprieur et al. 2006). All three studies are examples of predator species that have stronger
effects on their prey in stable streams than in frequently disturbed streams.
Studies investigating the interplay of disturbance and biotic interactions in frequently
disturbed environments are generally rare, and not just in running waters, probably because
the nature and scale of many natural disturbances (e.g. grassland fires or cyclone damage to
forests) limits the feasibility of experimental manipulations (but see Kay et al. 2008 for a
manipulative study of the effects of fire and herbivory in an oak forest). In a rare non-stream
study of disturbance and predation, Kneitel and Chase (2004) found reduced effects of
predatory midge larvae on rotifer communities in simulated water-filled tree-holes that were
frequently disturbed by drying as compared to their permanently water-filled counterparts.
This result is consistent with my own. Two related studies on terrestrial animal communities
on small islands yielded conflicting results (Spiller and Schoener, 1995, 2008). High annual
rainfall on these tropical islands often causes catastrophic flooding of terrestrial habitats.
During the first study from 1981 to 1990 (Spiller and Schoener 1995), predatory lizards
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reduced spider densities more in years of relatively high annual rainfall (and presumably
relatively frequent flood disturbances), a result that contrasts with my findings. During the
second study from 1994 to 2003, which was conducted under generally higher rainfall
conditions, lizards affected spider densities more in years of relatively low annual rainfall
(Spiller and Schoener 2008), a result that is consistent with my results. Such contrasting
results from two closely related studies highlight the incomplete nature of our understanding
of the interplay between physical disturbance and predator-prey relationships, which may
differ according to the identity and abundance of the actors concerned and the impact of
disturbance on each of them. More research is needed in this relatively new area of
disturbance research, especially in frequently disturbed ecosystems.
CONCLUSIONS AND OUTLOOK

Understanding the complex interplay between disturbance and biotic interactions remains a
challenge for ecologists. The design of manipulative field experiments in frequently disturbed
streams at realistic spatial and temporal scales is particularly difficult. For this reason, my
studies and all previous experimental stream studies have been unreplicated at the stream
level. Much additional knowledge can be gained by experiments with comparable study
designs in further streams that together span a broad range of disturbance frequencies and/or
intensities. Such a data set would allow performing a meta-analysis to examine the generality
of patterns and to determine how biotic and abiotic factors interact along a continuum of
physical disturbance regimes. Quick-and-easy measures of bed stability, such as the Pfankuch
index (Death and Winterbourn 1994, Mclntosh 2000) or painted bed particles (Death and
Winterbourn 1994, Townsend et al. 1997), are available to quantify and compare bed
disturbance regimes among the studies. A further step would be to manipulate other
influential factors, such as system productivity (see e.g. Gafner and Robinson 2007), to gain a
fuller understanding of the interplay ofthe abiotic and biotic factors that shape communities.
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